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CHAPTER 1 

  

INTRODUCTION 

 

Radio communication devices have a very important role in today’s society. They 

consist of different subsystems that include antennas, RF and microwave circuits, noise 

and inter-modulation effects, digital modulation effects, and digital signal processing [1]. 

This study is focused on the radar transmission-receive module, which is an RF / 

microwave circuit.  

Currently radar systems have problems with power losses and efficiency. The 

main problem with low efficiency is that more power is used and more heat removal is 

needed, which directly translates to the weight and the volume of the system, which in 

turn leads to decreased equipment mobility and more maintenance. The primary source of 

loss in radar systems is the final amplifier in the transmission-receive module. Currently, 

Class A amplifiers, operating at RF frequencies, have operational efficiencies around 

10% at S-band and above, and Class AB amplifiers have operational efficiency of 30-

40%.  Class D amplifiers operating at 2-3 GHz have 50% DC-RF efficiency [2]. Power 

efficiency around 63% for a Class E amplifier is possible at 10.6 GHz [3]. 

The goal in RF amplifier development is to make them more compact and lighter, 

and to have reduced power requirements. Devices that switch faster so that switching 

losses are reduced, and circuit topologies that make use of device parasitics, will 

contribute to this goal. Many researchers are focused on improving the speed of 

electrically gated transistors. We are focusing on the electro-optical approach to solving 
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the speed problem. In our approach, photoswitches are used instead of transistors for the 

active device, which means that light is used instead of electrical signals to control the 

switch. Many characteristics of photoswitches make them better suited to high 

frequencies than transistors. Some of the photoswitch advantages are: optical isolation 

which allows for one source to be applied to many loads, fast switching, low conduction 

loss due to small on-state resistance, simple mechanical structure, and very low jitter. The 

switch may be scaled to high electric fields while it is capable of carrying large current 

densities.  

Class A, B, AB, and C amplifiers are inherently inefficient because the active 

devices operate in the linear mode. In Class D, E, and F amplifiers the active device 

operates in the more efficient nonlinear switch mode. Because the Class E amplifier 

makes use of the parasitic capacitance in the semiconductor switch, it holds the potential 

of being the most efficient topology, so we chose to develop an electro-optical Class E 

amplifier for this project. The goal of the project was to develop an electro-optical Class 

E amplifier that is 80% efficient at 10 GHz working frequency. Since a photoswitch is a 

switch itself, it is a logical choice of active device in a Class E amplifier. The Class E 

amplifier was studied because of its simplicity and excellent high frequency 

characteristics.  

 

1.1 SUMMARY OF CHAPTERS 

 

The reminder of this dissertation contains nine chapters. Chapters 2, 3, and 4 are 

literature reviews of various classes of amplifiers, photoswitches, and of GaAs, 
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respectively. Chapter 2 describes the properties of amplifiers and shows why we chose 

the Class E amplifier for our research. Chapter 2 also provides the design equations for 

the Class E amplifier. Chapter 3 describes the properties of photoswitches that make them 

good devices to be used as switching elements in amplifiers. Chapter 4 shows that GaAs 

has large breakdown voltage, fast recombination time, and high electron mobility, which 

are all desirable qualities for a switch operating at high frequencies.   

Chapter 5 uses the design equations for the Class E amplifier to show how 

element or control signal variations affect the amplifier efficiency. The chapter also 

shows the method of tuning the amplifier, so we can achieve highest possible efficiency. 

Chapter 6 shows PSpice simulation results of the Class E amplifier. This allowed 

us to become familiar with amplifier performance, including current and voltage 

waveforms.  

Chapter 7 shows results of the photoswitch design simulations, performed with 

software from Silvaco, Inc. We analyzed how the switch dimensions and variations of the 

switch-activating light affect the photoswitch resistance, turn-on time, and turn-off time. 

We learned that the most critical characteristic of the photoswitch to be used at 10 GHz is 

its turn-off time, and we were able to define regions of values for the length, depth, and 

width of the photoswitch that produced the fastest turn-off times.  

Chapter 8 shows the results of photoswitch-based Class E amplifier simulations at 

1 MHz and 10 GHz. These were done with software from Silvaco, Inc. also. 1 MHz 

simulations were done primarily to verify the concept of the photoswitch-based Class E 

amplifier. At 10 GHz we first did simulations that require ideal elements. Then, to 

compensate for the non-ideal behavior of our photoswitch, we decreased the duty cycle to 
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compensate for non-zero turn off time, which improved the efficiency. Chapter 8 also 

includes results of applying the parameter tuning procedure to further improve the 

efficiency.  

Chapter 9 contains a brief analysis of optical sources that could be used in the 

laboratory to generate the light pulses that we used in our amplifier simulations.  

Chapter 10 summarizes the results, draws conclusions, and makes suggestions for 

further work on the project.   
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CHAPTER 2 

 

RF POWER AMPLIFIERS 

  

2.1 AMPLIFIERS 

 

 An amplifier is a device that accepts a small signal and outputs a larger 

signal that generally matches the waveform characteristics of the input. Amplifiers can be 

categorized as either small signal amplifiers or power amplifiers (PA). In a small signal 

amplifier the signal amplitude is small enough such that a linear equivalent circuit can 

model the amplifier. Power amplifiers operate with large signals, and the active devices 

display strong nonlinear behavior [4]. The goal of this project is to design an RF power 

amplifier operating at 10 GHz, which is in the radio frequency (RF) spectrum (from 10 

kHz to 300 GHz).   

 

2.2 CHARACTERISTICS OF AMPLIFIERS 

 

 Some of the most important characteristics of amplifiers are linearity, efficiency, 

power output capability, and signal gain. An amplifier is linear if the temporal shape of 

the output signal is identical to the temporal shape of the input signal, i.e. 

vo(t) = A vi(t)     (2.1) 



where vo(t) is the output signal, vi(t) is the input signal, and A represents the constant 

gain [5]. Generally, small signal amplifiers are linear, and power amplifiers are non-

linear.  

 The amplifier’s drain, collector, or anode efficiency η is the ratio of the average 

output microwave power PRFout to the total DC input power PDC: 

       
DC

RFout
P

P
=η      (2.2) 

where PDC = VDC IDC is the average input power supplied by the DC supply to the 

amplifier [4].  

In RF amplifiers, the power added efficiency (PAE) is more important than the 

anode efficiency, and it is defined as: 

DC

RFinRFout
P

PPPAE −
= ,         (2.3) 

where PRFin is the average input microwave power.   

 The signal gain (G) is the ratio of the output signal X0 to the input signal Xi:  

i

o

X
X

G =      (2.5) 

where G can be either current, voltage, or power gain. Ideally we would like to have as 

large a gain as possible.  

 

2.3 CLASSES OF AMPLIFIERS  

 

There are many different classes of amplifiers. They are determined by their 

circuit configurations, operational topologies, linearity and efficiency.  
 6
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The three main classes of linear amplifiers are Class A, Class B, and Class AB 

amplifiers. We use them when we need to accurately preserve the signal envelope. The 

drawback is that they are less efficient than non-linear amplifiers.  

The main classes of non-linear amplifiers are Class C, Class D, and Class E 

amplifiers. Class C amplifiers use a similar topology to that of Class A amplifiers, but the 

bias arrangement is different, leading to considerable levels of distortion. Class D and E 

amplifiers use the active device as a switch. The maximum theoretical efficiency of non-

linear amplifiers is 100% [5].  

 

2.4 LINEAR POWER AMPLIFIERS  

 

The linear amplifiers are Class A, Class B, and Class AB amplifiers. The output 

signals of the linear amplifiers will linearly amplify the input signals, but their maximum 

theoretical efficiency is less than 100%. 

 

2.4.1 Class A RF Power Amplifier [6] 

 

 A Class A amplifier operates in the linear portion of its characteristics, and the 

signal suffers minimum distortion. It has the best linearity of all classes of amplifiers. By 

choosing the bias point for the transistor to be in the center of its linear region, the active 

device is in its active region during the entire cycle. This means that it has the operating 

point and input signal level chosen such that current flows at all times. Since the active 
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device is constantly conducting, this represents a continuous loss of power in the device, 

and the efficiency is low. The maximum efficiency of a Class A PA equals to 50%.  

Using this type of amplifier, which has relatively low efficiency, would require 

more input power, and heavier and bulkier devices, because of the heat removal 

requirements, which is sometimes not practical. Currently, Class A RF power amplifiers 

have operating efficiency of only 10-12% at S-band and above [2].  

It is also possible to use the “push-pull” transformer-coupled configuration for a 

Class A amplifier, which combines 2 identical transistors [4]. This configuration would 

cancel most of the even harmonic currents, but the circuit is more complicated, it 

involves bulky transformers, it costs more to build it, and there are additional energy 

losses, so it is better to look for other types of amplifiers to improve signal 

characteristics. 

 

2.4.2 Class B RF Power Amplifier  

 

 Class B amplifiers have higher efficiency than Class A amplifiers, and they are 

better suited for medium and high power linear amplification. For large output power, we 

can use a simple complementary-pair, or “push-pull” Class-B amplifier, as shown in 

Figure 2.1 [7]. The two active devices are driven 180° out of phase so that they are 

alternately active (each device is active for one half of the cycle and cut off during the 

other half of the cycle). When the transistors are in the active region they behave as 

controlled-current sources. When a transistor voltage is highest, the collector current is 

ideally zero, which is the reason for higher efficiency than in Class A amplifiers. The 



complementary-pair amplifier uses both n-type and p-type transistors. The trans-

conductance of the n-type transistor is an order of magnitude greater than that of the p-

type transistor due to the difference between electron and hole mobilities, which limits 

the operating gain and efficiency of the push-pull pair at high frequencies.  

Figure 2.1 Complementary-pair “push-pull” Class B amplifier. 
 

The most common configuration of the Class B power amplifier, and better 

choice for higher frequencies, is the push-pull transformer-coupled circuit [4], [8].  In this 

configuration both transistors are of the same type, which improves amplifier 

performance. The faster n-type transistor is generally chosen. But the problem with 

transformer-coupled amplifier is that the transformers are very lossy at 10 GHz, which is 

our desired frequency. 

A general problem with the Class B amplifier output voltage is crossover 

distortion, which affects the amplifier’s linearity. Crossover distortion is caused by the 

transistor’s built-in turn-on voltage of around 0.7 V. The Class AB amplifier solves this 

problem with a small sacrifice in efficiency.  
 9



 10

The maximum theoretical anode efficiency of the Class B amplifier, for all 

elements being ideal, is 78.5%. This efficiency and the crossover distortion make the 

Class B amplifier not a good candidate for high power applications.  

 

2.4.3  Class AB RF Power Amplifier [6] 

 

 Due to the imperfect (nonlinear) transistor transition from cut-off to the active 

mode, a practical Class B amplifier will have crossover distortion. It is usually a good 

choice to improve the linearity with a small loss of efficiency. This is done by biasing the 

complementary-pair devices slightly into the active region, just above the cutoff. This can 

be done by adding two junction diodes to the base circuit. The addition of bias to produce 

a small quiescent current in the collectors of the devices in a Class B amplifier, which 

makes it a Class AB amplifier, will eliminate the linearity problem with only a small loss 

of efficiency. A Class AB amplifier is a compromise between Class A and Class B 

amplifier operation. The efficiency of the Class AB amplifier is smaller than that of the 

Class B amplifier, but greater than that of the Class A amplifier.  

In one study at 5.2 GHz, the power added efficiency (PAE) of a Class AB 

amplifier  was around 32% [9].  

 

2.5 NON-LINEAR, HIGH EFFICIENCY RF POWER AMPLIFIERS 

 

The highest efficiency for linear amplifiers is 78.5%. The non-linear amplifiers 

have maximum theoretical efficiency of 100%, which is the main reason why we use 
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them. The main classes of non-linear amplifiers are Class C, Class D, and Class E 

amplifiers. Class C amplifiers use a similar topology to that of Class A amplifiers, but the 

bias arrangement is different, leading to considerable levels of distortion. Class D and E 

amplifiers use the active device as a switch.  

 

2.5.1  Class C RF Power Amplifier [4], [6] 

 

 A Class C amplifier has the operating point chosen such that the transistor 

conducts for less than one half of an input sinusoidal signal cycle. The input signal will 

be significantly distorted in the amplification process, creating higher harmonics, so a 

tuned output circuit (tank circuit) or filter is needed in order to produce a sinusoidal 

signal at the load. This type of amplifier is used when efficiency is critical and linear 

amplification is not required. 

 There are many models and analyses of Class C amplifiers, but for the most part it 

is not possible to find analytic solutions for the resulting equations, and a numerical 

solution is usually required. Also, none of the analyses provide circuit design equations.  

The maximal theoretical efficiency of the Class C amplifier goes to 100%, but the 

tradeoff is the loss of output power, which goes to zero as the efficiency increases to 

100%. This is because as we decrease the conducting angle in order to increase the 

efficiency, there is less current supplied by the source, and less power delivered to the 

load.  Systems operating at 900 MHz with PAE of 50% have been demonstrated [10], 

[11].   
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2.5.2    Switch-mode Power Amplifiers 

 

High-efficiency switch-mode power amplifiers use the active device as a 

switching device in order to increase efficiency. The reason for using the switching mode 

is to reduce the average collector voltage-current product, which is usually the main 

source of power loss. An ideal switch has either zero current through it with infinite “off” 

resistance, or zero voltage across it with zero “on” resistance, and it also has zero 

transition time from off to on or vice versa, so it dissipates no power. The maximum 

theoretical efficiency is 100%. Real devices will have saturation voltage, on-state 

resistance, stray reactance, and nonzero switching time, which will cause the switching 

devices to dissipate some energy. The circuits for high-efficiency RF power amplifiers 

are similar to those of conventional RF power amplifiers for the same power and 

frequency range. The main classes of switch-mode amplifiers are Class D and Class E 

amplifiers. 

 

2.5.3 Class D RF Power Amplifier  [4], [8] 

 

The Class D RF PA uses a pair of active devices as switches, and a tuned output 

circuit. Figure 2.2 shows the circuit of the Class D RF power amplifier, and Figure 2.3 

shows the idealized equivalent circuit. The switching devices are driven to behave as a 

two-pole switch which creates a rectangular voltage waveform.  The output circuit is a 

band-pass filter tuned to the switching frequency, so it filters out the harmonics of the 



rectangular waveform produced by the input switches and voltage, resulting in an 

approximately sinusoidal output at the load.  
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Assuming all elements to be ideal, we can calculate the currents, voltages, and 

powers. The output current is determined by the response of the RLC output network to 

 
Figure 2.2: Complementary voltage-switching Class D amplifier. 

 
Figure 2.3: Complementary voltage-switching Class D amplifier – equivalent circuit. 



the frequencies in the switching waveform. The capacitor C prevents any DC current 

flowing to the output. Choosing a reasonable quality factor Q, the harmonic currents in 

the output can be reduced to negligible levels, making the output current i0(t) and voltage 

v0(t)  pure sinusoids with fundamental frequency f0. The collector currents i1(t) and i2(t) 

are half sinusoids with amplitude I: 

 

     
R

V2I DC
π

= .       (2.6) 

The average output power P0 is: 

R
V2

2
RIP

2
DC

2

2

0
π

== .    (2.7) 

The DC input current is the average value of i1(t): 

          
R

V2II DC
2DC

π
=

π
=  .    (2.8) 

The input DC power PDC is: 

R
V2IVP

2
DC

2DCDCDC
π

== .    (2.9) 

The efficiency η is then 100%: 

1
P
P

DC

0 ==η .     (2.10) 

Typically a power transistor has several thousand pF of parasitic capacitance 

(Cprs), and saturation resistance Ron of tenths or hundredths of ohms.  The major source of 

loss in the Class D amplifier at microwave frequencies is the discharge power loss that 
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occurs during every switching cycle in a device. For one transistor the discharge energy 

loss Edis1 is given by [4]:  

2
DC1prs1dis VC

2
1E = .       (2.11) 

Since there are two switching transitions per cycle and two identical devices with Cprs1 = 

Cprs2 = Cprs, the total power loss Pdis is: 

fVC2P 2
DCprsdis = ,      (2.12) 

where f is the switching frequency. 

The discharge loss limits the usability of a Class D amplifier at frequencies above 

a few hundred megahertz. The only convenient way to reduce losses is to decrease the 

parasitic capacitance Cprs or to eliminate the effects of parasitic capacitance.  

Theoretically, the Class D Amplifier can be 100% efficient. In reality, power 

efficiency near 92% is possible for audio frequencies [12], and PAE of 76% has been 

observed at 900 MHz [13]. 

 

2.5.4 Class E RF Power Amplifier  [4] 

 

The major source of power losses in power amplifiers operating at RF is the 

parasitic discharge power loss given by equation 2.12. The Class E amplifier, shown in 

Figure 2.4 was developed to reduce those losses by making the parasitic switch 

capacitance a working part of the circuit. This is done by combining parasitic capacitance 

Cprs of the transistor with additional capacitance CPshunt, to form equivalent shunt 

capacitance CP in the idealized circuit shown in Figure 2.5. Thus the transistor’s inherent 
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parasitic capacitance is no longer a source of power loss but becomes an integral part of 

the circuit’s operation.  

 
Figure 2.4: Class E amplifier. 

 

The Class E amplifier uses one active device operated as a switch, and a tuned 

output circuit (LS, CS in Figure 2.5) to filter unwanted harmonics. The additional 

impedance jωL associated with the additional inductance L in Figure 2.5 is necessary to 

make desired phase shift in order to create ideal switching. The quality factor Q of the 

tuned output circuit needs to be high so that the output voltage and current are 

approximately sinusoidal. The active device is driven by a rectangular trigger signal. In 

the ideal case, the active device will have negligible leakage current in the OFF state, and 

negligible voltage across it in the ON state. Also, by eliminating the time intervals when 

currents and voltages are present simultaneously on the switch, the switching loss is 

essentially eliminated, as shown in Figure 2.6.  
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Figure 2.5: Class E amplifier – idealized circuit. 

 

 

Figure 2.6: Voltage and current for the Class E amplifier. 
 

To achieve zero switching loss the following four conditions need to be met:   

1. The switch voltage drops to zero at the end of the OFF state (just before current 

flows through it when the switch turns ON).  

 17
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2.  The switch voltage reaches zero at the end of the OFF state with zero slope (and 

stays zero during the ON state). The switch current at the beginning of the ON 

state is zero. 

3. The switch current drops to zero at the end of the ON state (just before voltage 

rises across it when the transistor turns OFF).  

4. The switch current reaches zero at the end of the ON state with zero slope (and 

stays zero during the OFF state). The transistor voltage at the beginning of the 

OFF state is zero. 

In reality, all four conditions can not be satisfied simultaneously using the circuit of 

Figure 2.4. But we can obtain either the first two or the last two conditions in the Class E 

amplifier, which define two possible switching conditions for the amplifier: 

1.  Zero Voltage Switching (ZVS), where ON to OFF switching occurs at zero 

voltage on the transistor (conditions 1 and 2). In this project, this condition was 

pursued. 

2. Zero Current Switching (ZCS), where ON to OFF switching occurs at zero 

current through the transistor (conditions 3 and 4).  

 

The equivalent idealized circuit of a Class E amplifier is shown in Figure 2.5. For 

ideal operation, some other important assumptions are made: 

1. The RF Choke (RFC) is a very large inductor that suppresses RF current coming 

from the DC source, making the DC input current (IDC) constant. 

2. The tuned output circuit (LS, CS) is not tuned to the operating frequency f, and it 

has an equivalent series reactance jX = jωL, which is produced by the difference 



in the reactances of the inductor and capacitor of the series tuned circuit. That 

reactance is required to obtain the optimum operation, because jX in series with R 

will create a phase shift in the current i0 necessary to produce zero voltage 

switching or zero current switching. The jX reactance applies only to the 

fundamental frequency; and it is assumed to be infinite at harmonic frequencies. 

S
S C

1LLX
ω

−ω=ω= .        (2.13) 

3. The active device behaves as an ideal switch 

4. The equivalent shunt capacitance CP is independent of voltage. 

5. All circuit elements are ideal. 

 

2.5.4.1   Circuit Analysis [4] 

 

In the Class E amplifier there is no clear source of voltage or current, as in the 

other classes of amplifiers. The collector voltage waveform is a function of the current  in 

capacitor CP. The capacitor current is a function of the voltage on the load, which is a 

function of the collector voltage. All parameters are interrelated. The resulting equations 

are nonlinear, and can be solved analytically or numerically. Then we can calculate the 

input and output power and efficiency [14]. Since we assume that the current i0(θ) 

through and the voltage v0(θ) across the load are purely sinusoidal, this analysis is true 

only if the load network has infinite Q. The output voltage v0(θ) and current i0(θ) are as 

shown in Figure 2.7:  

)sin(V)tsin(V)(v 000 φ+θ=φ+ω=θ    (2.14) 
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)sin(
R
V

)(i 0
0 φ+θ=θ      (2.15) 

where V0 is the amplitude of the output voltage, θ = ωt = 2πft is “angular time”, and φ is 

the initial phase shift of the fundamental frequency at the output. The hypothetical 

voltage v1(θ) is: 

)sin(V)cos(V
R
X)sin(V)(v)(v )(v 1100X01 φ+θ=φ+θ+φ+θ=θ+θ=θ  (2.16) 

where V1 is the amplitude of v1(t):  

2

01 R
X1VV ⎟

⎠
⎞

⎜
⎝
⎛+=            (2.17) 

and its initial phase φ1 is: 

⎟
⎠
⎞

⎜
⎝
⎛+φ=ψ+φ=φ −

R
Xtan 1

1     (2.18) 

where 

⎟
⎠
⎞

⎜
⎝
⎛=ψ −

R
Xtan 1 .      (2.19) 

When the switch is closed (ON) the current through the switch iS(θ) = IDC - i0(θ), (Figure 

2.7), and the current through the capacitor CP is zero (iC(θ) = 0).  

When the switch is open (OFF) the current through the switch is zero (iS(θ) = 0), and the 

current iC(θ) through the capacitor CP is 

iC(θ) = IDC - i0(θ).                (2.20) 

The current iC(θ) creates the voltage v(θ) on the capacitor CP 

∫
θ

θ

ττ
ω

=θ
2

1

d)(i
C

1)(v c ,     (2.21) 
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or after integrating equation 2.21, the collector voltage v(θ) in Figure 2.7 is 
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⎥
⎥
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where Bp = ωCp is the susceptance of Cp at the switching frequency f. 

 

Figure 2.7: Class E amplifier – Waveforms. 
 

At the switching frequency f, the voltage v1(θ) is the fundamental of the collector voltage 

v(θ), and its amplitude V1 is 
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The amplitude V0 of the output voltage v0(t) is: 

  RgIV DC0 =       (2.24) 

where: 

ψ+ψ+φ−φ−φ−

φ+φ−φ
=

cosy)2cos(y2sin
2
1sinysin)ysin(2

ysincos2ycoscosy2ysinsiny2g
1
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Since RFC is an inductor, the DC voltage drop across it is zero, and the average (DC) 

value VDC of v(θ) is  

        DCDC

2

0
DC RId)(v

2
1V =θθ
π

= ∫
π

    (2.26) 

where RDC is the equivalent resistance that the DC power supply “sees”, i.e.,  

 [ ]
B

ysinsin)ysin(ygyR
2

DC π
φ−−φ+

= .   (2.27) 

The output power P0 can be calculated using (2.28) and (2.30) as 
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The input DC power PDC is 
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DCDCDC R
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The anode efficiency η is 
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2.5.4.2   Circuit Design [4] 

 

For an amplifier with all ideal elements, the only loss mechanism is the discharge 

in the shunt capacitance. If the elements are selected so that the collector voltage reaches 

zero at the end of the OFF state, the maximum efficiency of 100% is possible. Then from 

(2.30), we can calculate RDC as 

2
RgR

2

DC = .           (2.31) 

For the optimum operation with duty cycle (D.C.) = 0.5 that provides maximum 

power output capability, and the normalized slope of the collector voltage at turn-on, we 

can calculate the values for the circuit elements. We need to set equation (2.22) and its 

first derivative with respect to θ equal to zero at θ = π/2 + y.  Then  

°−≈
π

−=φ − 48.322tan 1           (2.32) 

R7337.1R
8

4R
2

DC ≈
+π

=              (2.33) 

 
R

1836.0
R)4(

8CB 2pP ≈
+ππ

=ω= .       (2.34) 

From BP we can calculate the value of the capacitor CP in Figure 2.5 as 

R447.5
1CP ω

=       (2.35) 

To find values for the other circuit elements, we need to solve the following equations: 

    °≈
−ππ

=ψ − 05.49
16

)4(tan
2

1     (2.36) 

R1525.1tanRLX ≈ψ=ω=        (2.37) 
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Since a net reactance jX is required for the optimum operation, we can define the quality 

factor either as: 

RC
1Q
0ω

=       (2.42) 

or as: 

R
LQ 0ω

=      (2.43) 

If we choose to first determine the value for LS by setting it equal to L0 from equation 

(2.43), then  

ω
=

QRLS .      (2.44) 

Then, using equations (2.44), (2.37) and (2.13), we can calculate the value for CS as 

 
)1525.1Q(R

1CS −ω
= .             (2.45) 

The reason why CS in equation (2.45) is not the same as C0 in equation (2.44) is because 

of the additional inductance L in Figure 2.5 and equation 2.13 needed to make the phase 

shift necessary for zero voltage switching.  
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The RFC in Figure 2.4 is a very large inductor that suppresses RF current coming 

from the DC source and makes the DC input current (IDC) constant. Usually we design 

the RFC using 

     (2.46) PRFC X10X >

or 

P
2C
10RFC

ω
> .    (2.47)  

 

2.5.4.3    Advantages of Using Class E Amplifier [4] 

 

Compared with the Class B or the Class C amplifier, the Class E amplifier has the 

following advantages: 

1.  Higher efficiency because of smaller power dissipation in the transistor. 

2. A simpler circuit which means smaller and lighter equipment. 

3. Mass reproduction quality is higher due to low sensitivity to component 

tolerances. Also, the transistor can be easily replaced, even with a transistor 

having different characteristics (no matching pair of transistors is needed). 

4. Optimizations for bandwidth and output power are possible with the Class E 

amplifier. 

5. Less expensive to design and manufacture. 

 

Compared with the Class D amplifier, the Class E amplifier has the following 

advantages [4]: 
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1.  It uses only one switch and switch drive instead of two. 

2. The switch and switch drive are referenced to ground. 

3.  No need to maintain high relative timing between two switches of a tightly 

coupled  pair. 

4. Input and output transformers are not required for the Class E amplifier. 

5 The discharge power loss is completely eliminated in the Class E amplifier, so it 

can operate at much higher frequencies. 

6.  The switching time of a switch can be up to 15 percent of the RF period, without a 

significant reduction of the efficiency. 

7.  The odd harmonics of the voltage across the switch are smaller in the Class E 

amplifier than in the Class D amplifier. 

 

The Class D amplifier has the following advantages over the Class E amplifier 

[4]: 

1 Its power output capability is 1.623 times higher. 

2 The power loss due to the ON transistor resistance is 1.365 times lower for the 

Class D amplifier. 

3 It has larger bandwidth. 

4 The output voltage even harmonics of the Class D amplifier are smaller because 

of the push-pull configuration. 

 

In general, the Class D amplifier is better for low frequencies (up to tens of 

megahertz), before discharge power loss becomes significant at high frequencies. The 
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Class E amplifier is better for use at higher frequencies (hundreds of megahertz or 

gigahertz) because the switching losses due to the transistor capacitance are eliminated. 

Since we need to design an amplifier operating at 10 GHz, we believe that the best choice 

would be the Class E amplifier. 

Theoretically, the Class E amplifier can be 100% efficient. In reality, power 

efficiency around 63% is possible at 10.6 GHz [3]. 

 

 



CHAPTER 3 

 

PHOTOCONDUCTIVE SEMICONDUCTOR SWITCH (PCSS) –  

- PHOTOSWITCH 

 

3.1 PHOTOSWITCH  

 

A switch is an element that can change its impedance from a very large value to a 

very small value in a short time and with high precision and repeatability. A photoswitch, 

as shown in Figure 3.1, is a switch that consists of a semiconductor, two electrical 

contacts, and an optical source that illuminates the switch surface in order to effect the 

impedance change.  

 

Figure 3.1: A simple photoswitch. 
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3.2 PHOTOCONDUCTIVE SWITCHING 

                

Photoconductive switching offers many advantages over other high power 

switching technologies. These include small package size, optical isolation of the trigger, 

fast switching, low conduction loss, low inductance, high thermal capacity and 

conductivity, simple mechanical structure, scalability, and very low jitter. The switch 

may be exposed to high electric fields in the OFF state, and it is capable of carrying large 

current densities in the ON state [15-19].  

External optical control of a photoswitch provides electrical isolation, which 

permits one control source to scan or multiplex many individual switches in parallel for 

increased operating frequency, or to select switches in parallel with different 

characteristics, depending on system requirements. Also, control source isolation will 

permit many sources to be applied to a single load or a single source to be applied to 

multiple loads. Finally, at high voltages, photoswitches are much simpler to use than 

conventional devices [19]. 

Jitter is the deviation in or displacement of some aspect of the pulses in a high-

frequency digital signal. The deviation can be in terms of amplitude, phase timing, or the 

width of the signal pulse. Jitter control is important in order to protect devices from being 

exposed to too high voltages and currents. Jitter in conventional switching systems comes 

from jitter of the elements generating the trigger pulses, and from different switch closure 

times. Faster electrical trigger pulse rise time means less jitter. Photoconductive 

switching has very fast closure with nanosecond delay, which results in smaller jitter 

compared to electrical switches [19].  



3.2.1 Basic Photoconductive Switching 

 

The basic photoswitch is a bulk intrinsic semiconductor. Two electrical ohmic 

contacts are placed on the photoswitch surface. In the dark (no light) there is a 

temperature dependent small number of free carriers (electrons and holes) generated by 

background thermal energy. Under applied voltage, a characteristic dark current will 

flow, which is extremely small, and in the dark the photoswitch behaves as an insulator. 

When we illuminate the photoswitch, photons will energize electrons in the valence band, 

and they will jump to the conduction band, creating electron-hole pairs (generation). 

Signal rise time is determined by the carrier generation rate. The increase in free carriers 

will increase the electrical conductivity (σ) of the photoswitch, so the electrical resistivity 

ρ,  which is inversely proportional to the conductivity σ, will decrease (
σ

=ρ
1 ). After the 

light pulse is removed, the excess electron-hole pairs generated by the light will 

recombine in a time characteristic of the semiconductor, called the recombination time 

(Tr), and the photoswitch will return to its natural state of being an insulator. Basically, 

the photoswitch is an insulator in the dark, and it becomes a conductor when illuminated. 

At electric fields below 4 kV/cm the switch is activated by the creation of at most 

one electron-hole pair per photon absorbed. The switch closing follows the optical signal, 

and after the light is removed, the switch opens in a characteristic time determined by the 

semiconductor. This type of switching is called linear switching. At electric fields larger 

than 4 kV/cm the other type of switching called non-linear or avalanche-like switching 

will occur. Non-linear switching is used when the photoswitch is used as a closing 
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switch. The recombination time then must be as large as possible.  This type of switching 

will have higher gain than fast response switching, because the optical pulse will just 

close the switch and then terminate, while the electrical pulse will continue for a longer 

time.  

Besides natural carrier recombination, there is another mechanism for opening a 

photoswitch, called carrier transit removal, or sweep-out. In a conducting photoswitch 

under applied electric field, the optically generated carriers will move to the electrodes 

and leave the photoswitch. The speed of movement of the carriers is called drift velocity 

(vd), and it depends on the carrier mobility (μ). Carriers will be removed from the switch 

at one electrode in a characteristic transit time Tt, which is equal to the carrier path length 

divided by the carrier drift velocity. If the carriers are not re-injected at the opposite 

electrode as they are swept-out of the conducting region, the switch resistance will 

increase. If it is desired to minimize the effect of carrier sweep-out, we make contacts 

ohmic, so carrier re-injection is not obstructed by a barrier field at the contacts, and the 

carriers that exit at one electrode are replaced at the other end.  

 

3.2.2 Absorption Coefficient α and Absorption Depth de 

 

The intensity of incident light inside the semiconductor I(x), assuming the light is 

orthogonal to the semiconductor surface, is given by  

x
in e)r1(I)x(I α−−=           (3.1) 

where Iin is the incoming light intensity in W/cm2 at the surface, r is the reflection 

coefficient of the surface, and α is the absorption coefficient. 
 31



Figure (3.2) shows the normalized variation of the intensity of light transmitted 

through an absorbing material as a function of depth into the material, for r = 0. The 1/e 

absorption depth (de) is defined as the distance at which I(x) falls to the 1/e = 37% level 

of its value Iin (1-r) at the surface. Using x = de and r = 0 in equation (3.1), we can see 

that the product α*de = 1, or 

ed
1

=α .     (3.2) 

 

Figure 3.2: The intensity of light transmitted through an absorbing material as a 
function of depth in the x direction. 

 

 Figure 3.3 shows the optical absorption coefficient α as a function of the 

wavelength of the incoming light for GaAs.  
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Figure 3.3: Optical absorption coefficient of GaAs as a function of the wavelength. 

Figure 3.4 shows the 1/e absorption depth (de) as a function of optical wavelength 

for Silicon and GaAs. The absorption depth depends on the material’s quantum 

characteristics and on the wavelength of the light. The wavelength of the light must be 

such that the energy of photons is greater than the band gap energy of the semiconductor. 

The energy E of a photon is given by 

ν= hE ,     (3.3) 

where h = 6.625 * 10-34 J-s = 4.135 * 10-15 eV-s, is Plank’s constant, and ν is the 

frequency of the photon. The relation between the wavelength  λ in μm and energy E in 

eV of a photon is then  
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Figure 3.4: Optical absorption depth of Si and GaAs as a function of optical wavelength. 

The optical absorption depth determines the volume conducting the current in the 

switch. The minimum switch thickness should be at least 4-5 optical absorption depths to 

ensure optimum use of photons [20]. 

 



3.2.3 Linear Photoconductive Switching  

 

Linear photoconductive switching occurs when one photon creates at most one 

electron-hole pair, and the switch conductivity is completely dependent on the 

illuminating optical source. This happens when only low electric fields are present. Here 

the closure rate can be precisely controlled by the optical source. Figure 3.5 shows that 

when the recombination time is much longer than the light pulse time, the photoswitch 

resistance R(t) is inversely proportional to the optically generated carrier density nC(t), 

and inversely proportional to the integral of the optical pulse power PL(t). Also, it is not 

shown in the figure, but the closure time is approximately equal to the optical pulse 

width, and the switch remains closed for a time proportional to the recombination time 

[21].  

 

 Figure 3.5: Photoswitch resistance vs. light power when the recombination time is 
much larger than the light pulse turn-off time. 
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3.2.4 The Physical Process of Photoconductive Switching  

 

In response to an applied electric field, an electric current can flow if there are 

free carriers present. In conductors (metals) the free-electron density is on the order of 

1023 cm-3, and in insulators the free-electron density is less than 103 cm-3. Semiconductors 

have a free-electron density intermediate between the conductors and insulators. In 

metals and in insulators, the free-electron density is a constant of the material, and it can’t 

easily be changed significantly, but in semiconductors the free-electron density can be 

changed by either doping, by applying an electric field, or by applying light [22].  

These three types of materials can also be distinguished by their valence and 

conduction energy bands. Insulators have full valence bands and empty conduction bands 

at absolute zero temperature and a large band gap. In insulators the thermal energy 

available at room temperature excites very few electrons form the valence band to the 

conduction band, making the number of free-carriers small. Metals have full valence 

bands and partially filled conduction bands at all temperatures. The band gap is either 

very small or not existent because the valence and conduction bands overlap. This creates 

an abundance of carriers, which is why metals are excellent conductors. Semiconductors 

have a band gap smaller than insulators but larger than metals. At room temperature, 

energy from the environment excites a moderate number of electrons from the valence 

band to the conduction band, creating free carriers. When an electron jumps from the 

valence band to the conduction band, it increases the electron density in the conduction 

band, and at the same it increases the hole density in the valence band. This increase is 

called electron-hole pair generation or charge carrier pair generation. In an intrinsic 



semiconductor, in which there are no material impurities or lattice defects, the density of 

electrons, n, equals the density of holes, p. An electron can make the transition between 

bands by absorbing a photon of energy equal to or greater than band gap energy Eg [23], 

[24]. 

At room temperature, without being illuminated by an optical pulse, the 

semiconductor photoswitch is highly resistive. Its resistance R depends on the electric 

conductivity of the material (σ) and the geometry of the device through equation (3.5)  

A
LR

σ
=      (3.5) 

where L is the distance between the electrodes and A is the cross-sectional area, given by 

the product of the switch width w and its depth d, i.e. 

wdA = .     (3.6)  

In equilibrium, each type of carrier (electrons with the equilibrium density n0, and holes 

with the equilibrium density p0) will contribute to the electrical conductivity σ i.e.   

pσnσσ +=      (3.7) 

where 

n0n qn μ=σ      (3.8) 

and 

p0p qp μ=σ      (3.9) 

where μn and μp are electron and hole mobilities and q is the electron charge.  

When the switch is illuminated, each photon will generate at most one electron-

hole pair. The new densities for electrons and holes will be the sum of the equilibrium 

 37



density for electrons and holes n0 and p0, and the excess density for electrons and holes n1 

and p1:  

10 nnn +=      (3.10) 

10 ppp += .     (3.11) 

In order to significantly change the conductivity of a photoswitch, it is necessary 

that the light intensity be large enough to generate , and , so we can 

write that , . Since the light separates electrons and holes in pairs, n1 = p1, 

, and the total electrical conductivity  σ for the illuminated semiconductor will be: 

01 nn >> 01 pp >>

nn1 ≈ pp1 ≈

pn ≈

)(nq pn μ+μ=σ .       (3.12) 

To simplify matters, we define the total mobility μ as: 

pn μ+μ=μ      (3.13) 

so that (3.12) becomes 

μ=σ nq .             (3.14) 

Figure 3.6: Dimensions of a photoswitch. 
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Assuming that the light is uniformly absorbed within the optical absorption depth 

de in Figure 3.6, and not at all beyond de, the resistance within de is much smaller within 

de than outside de. Therefore, we can replace d with de in equation (3.6), and equation 

(3.5) becomes  

ewdnq
LR

μ
= .     (3.15) 

From equation (3.15) we can see that high mobility μ reduces the resistance. If the optical 

intensity is a function of time, then the carrier density will also be a function of time. The 

time rate of change for the carrier density 
dt
dn  is defined as [19], [24]:  

t

i

re

L
T

)t(n)1(
T

)t(n
wLdE

)r1)(t(P
dt

)t(dn η−
−−

−
=

λ
         (3.16) 

where PL(t) is the light power, r is the material reflectivity at light wavelength λ, Eλ is the 

photon energy at wavelength λ, Tr is the material recombination time, ηi is the contact 

injection efficiency, and  

d
t v

LT =      (3.17) 

is the system transit time, where vd is the drift velocity, and L is the carrier path length. 

To simplify calculations, we can define: 

t

i

r T
1

T
1 η−

+=β ,       (3.18) 

and  

ewLdE
r1

λ

−
=γ .       (3.19) 

The equation (3.16) then becomes: 
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γ=β+ )t(P)t(n
dt

)t(dn
L .           (3.20) 

This is a first-order differential equation. The solution for n(t) is: 

∫ +
−

=
λ

ββ−
t

0
0

e

Ltt Ndt
wLdE

)r1)(t(Pee)t(n          (3.21) 

where N0 is the number of electrons before the input signal is applied. We can see that 

n(t) is proportional to the integral of the light power PL(t) (Figure 3.5).  

 

Square Optical Pulse [19] 

 

If the optical power PL(t) is a constant P0 for time tL, then for 0 < t < tL, equation 

(3.21) can be solved for: 

β
−−

=
λ

β−

e

t
0

wLdE
)e1)(r1(P

)t(n ,     for 0 < t < tL.      (3.22) 

For t > tL the density will decrease as: 

t
0eN)t(n β−= ,     for t > tL    (3.23) 

where N0 is the value of (3.22) at time t = tL. If in equation (3.18), the injection efficiency 

η is unity and the recombination time Tr is much greater than the optical pulse length tL, 

then equation (3.22) becomes: 

e

L0
wLdE

t)r1(P
)t(n

λ

−
=           (3.24) 

The total optical energy EL is: 

0LL PtE =      (3.25) 
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Finally the closed switch resistance RSC from equation (3.15) for η=1 and tL << Tr 

becomes: 

)r1(Eq
ELR

L

2

SC −μ
= λ            (3.26) 

We can see that the closed switch resistance is independent of width for constant optical 

energy, but does depend on the distance between the electrodes L.   

By setting 0
dt
dn

=  in equation (3.16), and solving for n(t), we can calculate the 

steady state resistance RSS as: 

μ−

η−
+

= λ q)r1)(t(P
T

)1(
T
1

ELR
L

t

i

r2
SS                 (3.27) 

This equation shows the importance of the contact injection efficiency ηi. Depending on 

the material characteristics, we usually have Tr >> Tt, and we can usually neglect the term 

rT
1 in equation (3.27), unless ηi = 1. This makes the contact injection a crucial part of a 

photoswitch.  

When designing a photoswitch, the length L is determined by the operating 

voltage and the breakdown electric field, the width w is determined by the desired 

operating current, and the effective optical absorption depth de is determined by the 

wavelength of the light. All three dimensions are also determined by the desired 

switching times.  
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 3.2.5  Non-Linear Photoconductive Switching 

 

Non-linear photo-switching occurs when the electron-hole pair produced by one 

photon is multiplied through a gain process such as avalanche, so that one photon 

effectively creates many electron-hole pairs, thus increasing the gain [20]. In non-linear 

switching a single photon may generate 1,000 to 100,000 electron-hole pairs through an 

avalanche process. The main advantage of non-linear switching is that switch closure can 

be obtained with significantly lower optical energies. The cause of the avalanche process 

is a large electric field. In a large electric field, a free electron is accelerated to a high 

kinetic energy. If such a highly energized electron hits the lattice, the lattice won’t be 

able to absorb all the energy, and a bound valence band electron may be given enough 

energy to jump to the conduction band, thus creating an additional electron-hole pair. 

This process is called impact ionization. Each new electron is again accelerated in the 

same electric field, and is capable of creating more electron-hole pairs, multiplying the 

effect [24]. This process is called the avalanche effect.  

Non-linear switching is related to avalanche streamers that result in creating 

filament conduction. If the time length of the peak current is excessive, the filament can 

damage the semiconductor lattice.  
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CHAPTER 4 

  

GALLIUM ARSENIDE (GaAs) 

 

The most important semiconductors for high speed devices are silicon (Si) and 

gallium arsenide (GaAs) and its related compounds. Si is often used in very large scale 

integrated (VLSI) circuit devices, but for some applications GaAs has advantages over Si, 

due to its higher carrier mobilities and effective carrier velocities [25].  

 

4.1 PHYSICAL PROPERTIES OF GaAs 

 

Table 4.1 shows some properties of intrinsic Si and GaAs at 300K. In this section 

we compare those properties, decide which are important for our project, and show why 

GaAs is the most suitable material for it. 

 

4.1.1 Carrier Recombination Time 

 

The most important characteristic of a device operating at high frequency is its 

speed. GaAs has a minority carrier lifetime (recombination time) of around 1∗10-8 s, 

which is five orders of magnitude faster than the recombination time for Si, which is 

2.5∗10-3s. Thus GaAs is much faster, and is thus able to follow much shorter light pulses 

than Si. This is one reason why GaAs is a better material for devices operating at high 

frequencies. 



Property at 300K Si GaAs Unit 
Atoms/cm-3 5∗1022 4.42∗1022   

Atomic weight 28.09 144.63   
Breakdown electric field ~ 3∗105 ~ 4∗105 V/cm 

Density 2.328 5.32 g/cm3 
Dielectric constant 11.9 13.1   

Density of states in conduction 
band (Nc) 2.8∗1019 cm-3 4.7∗1017 

Density of states in valence 
band (Nv) cm-3 1.04∗1019 7∗1017 

4.05 4.07 V Electron affinity χ 
Energy bandgap  1.12 1.424 eV 

Intrinsic carrier concentration 1.45∗1010 1.79∗106 cm-3 
Intrinsic resistivity 2.3∗105 3.3∗108 Ω*cm 
Lattice constant 5.43102 5.6533 Å 

Maximum current density 50 500 kA/cm2 
Melting point 1415 1238 °C 

Minority carrier lifetime 2.5∗10-3 ~ 1∗10-8 s  
Mobility drift electrons 1500 8500 cm2/(V∗s) 

Mobility drift holes 450 400 cm2/(V∗s) 
Peak drift velocity electrons 1∗107 2∗107 cm/s 

Peak drift velocity holes 1∗107 1∗107 cm/s 
Saturated drift velocity electrons 1∗107 1∗107 cm/s 

Saturated drift velocity holes 1∗107 1∗107 cm/s 
Specific heat 0.7 0.35 J/(g∗°C) 

Thermal conductivity 1.5 0.46 W/(cm∗°C)

Table 4.1: Properties of intrinsic Si and GaAs at 300K [20], [26]. 
 

 

4.1.2   Breakdown Electric Field 
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The breakdown electric field determines how much voltage we can apply to the 

photoswitch. We are designing a power amplifier, and we would like the power to be as 

large as possible. Since the power of the amplifier is proportional to the square of the 

applied voltage, we would like to use a material that can handle as large a voltage as 
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possible. That means that our material needs to have as large a breakdown electric field 

as possible. We can see in Table 4.1 that GaAs has a slightly higher breakdown electric 

field than Si, 4∗105V/cm vs. 3∗105V/cm. 

 

4.1.3  Maximum Current Density 

 

 The maximum current density is another important characteristic for our project.  

The power of the amplifier is proportional to the square of the current. Thus, our 

photoswitch needs to have as large a current handling capability as possible. The reason 

that the photoswitch needs to have large current handling capability is to prevent thermal 

runaway, which would destroy the photoswitch [20]. From Table 4.1 we can see that the 

maximum current density for GaAs (500 kA/cm2), is ten times larger than the maximum 

current density for Si (50 kA/cm2).  

 

4.1.4 Leakage Current (Dark Current) 

 

Another important characteristic of the photoswitch is its leakage current. The 

OFF state loss of an amplifier is proportional to the square of the leakage current in the 

active device. The leakage current is inversely proportional to the dark resistivity 

(intrinsic resistivity). This means that in order to minimize the OFF state loss, it is 

necessary to have as large an intrinsic resistivity as possible. From Table 4.1 we can see 

that the intrinsic resistivity for GaAs of 3.3∗108 Ω∗cm is three orders of magnitude 

higher than that of Si which is 2.3∗105 Ω∗cm. This means that the OFF state loss for an 
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amplifier using a GaAs photoswitch will be 3 orders of magnitude smaller than the OFF 

state loss for an amplifier using a Si photoswitch of similar dimensions.  

 

4.1.5 Carrier Drift Velocity and Velocity Saturation 

 

Carrier drift velocity is not constant, but varies with the local electric field. Figure 

4.1 shows the hole and electron drift velocities vs. electric field for GaAs and Si [25]. For 

electrons in GaAs we can see that at first, as the electric field increases, the drift velocity 

increases linearly for small electric fields, which means that the mobility is constant in 

that region. Then it peaks at 2∗107 cm/s where the electron field is 5 kV/cm. After the 

peak, the drift velocity decreases, so it has a negative slope, which means it has a 

negative differential mobility (explained later). Finally, the electron drift velocity 

saturates and becomes constant at around 1∗107 cm/s for electric fields larger than 

approximately 15 kV/cm. If the carrier drift velocity saturates, then the electron drift 

current density will also saturate and become independent of the applied electric field.  

The hole velocity in GaAs will increase first linearly with the applied electric 

field, and then it will start to slow down and finally saturate at around 1∗107 cm/s. The 

electron and hole velocities in Si will behave similarly to the hole velocity for GaAs 

(increase and gradually saturate), only the rate of change will be different. Si electron 

velocity will increase the fastest, and then saturate at 1∗107  cm/s. The rate of increase for 

Si hole velocity at small electric field will be slightly larger than the rate of increase for 

GaAs hole velocity at small electric fields, and they will both saturate around 1∗107  cm/s.  



Figure 4.1: Carrier drift velocity vs. applied electric field for Si and GaAs. 
 

The carrier mobility μ at low electric fields is: 

F
vd=μ      (4.1) 

where vd is the carrier drift velocity and F is electric field. The mobility is constant at 

small electric fields, where the carrier drift velocity grows linearly with the electric field. 

A simple empirical formula except for the case of electrons in GaAs, relating the electron 

drift velocity, mobility, and the electric field at higher electric fields is: 

sat

d

v
F1

Fv
μ

+

μ
=        (4.2) 
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where vsat is the saturation velocity [27]. One thing to note here is that at lower electric 

fields the electron mobility μn is much larger than the hole mobility μp both for Si and 

GaAs, so the average mobility  (
2

pn μ+μ
=μ ) is much more affected by μn than by μp. 

This means that the equation for closed switch resistance RSC in equation (3.26),  and the 

equation for steady state resistance RSS in equation (3.27) will depend on the electric field 

in the photoswitch, or on the applied voltage, which is proportional to the electric field.  

The voltage V is equal to the product of the electric field and the length between 

the electrodes L: 

LFV ∗= .               (4.3) 

The drift current density Jd is defined as: 

F)pn(qJ pnd μ+μ= .          (4.4) 

A condition for high conductivity is that the number of optically generated electrons n1 is 

much larger that the intrinsic number of electrons in the conduction band ( ), and 

similarly for the optically generated holes p1 ( ). Since the number of optically 

generated electrons is equal to the number of optically generated holes, we can write for 

the total number of carriers n = p. Then, using (4.1) in (4.4) we can define the 

relationship between the current density and the carrier velocity: 

01 nn >>

01 pp >>

)vv(qnF)(qnJ p,dn,dpnd +=μ+μ= .    (4.5)   

We can separate the electron and the hole components of drift current density to get: 

  n,dnn,d qnvFqnJ =μ=     (4.6) 

  p,dpp,d qnvFqnJ =μ= .    (4.7) 
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Then we can see that the total drift current density is equal to the sum of the electron drift 

current density and the hole drift current density: 

p,dn,dd JJJ += .        (4.8) 

 

4.1.6 Negative Differential Mobility [28] 

 

Figure 4.2: Energy-band structure for GaAs. 
 

The negative differential mobility of GaAs can be explained by using the E vs. k 

diagram for GaAs shown in Figure 4.2. We can see that GaAs is a direct band gap 

semiconductor. At low fields most of electrons in the conduction band are in the lower 

valley, and their effective mass there is mn
*=0.067m0. This small effective mass leads to a 

large mobility. As the electric field increases, the electrons will start moving from the 
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lower valley to the upper valley, where their effective mass will increase to mn
*=0.55m0. 

The larger effective mass will decrease the mobility. This mechanism results in a 

decreasing average drift velocity of electrons, or the negative differential mobility 

characteristics. 

 

4.1.7 Lock-on [21] 

 

 

Figure 4.3: Lock-on effect. 
 

When semi-insulating (SI) GaAs operates above the threshold field FT of 20 to 30 

kV/cm, and is illuminated by a short optical pulse, the electric field collapses to a value 

around 3 to 5 kV/cm. This field is called the lock-on field, and the voltage is the lock-on 

voltage VLO. The switch remains (is locked) in this state of extended conduction until the 

electric source is removed: this is where the name lock-on comes from. Figure 4.3 shows 

the lock-on voltage vs. time. The mechanism of lock-on is not completely understood, but 
 50
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it is known that it is associated with current filaments, which degrade switch lifetime. The 

residual lock-on electric field will produce high power dissipation in the switch. Since it 

takes a long time to remove carriers from the photoswitch, we need to avoid the lock-on 

at 10 GHz, where the period to charge and discharge the switch is 100 ps (10-10 s).  

 

4.2 DOPING 

 

Adding impurities to a semiconductor (doping) changes many of its 

characteristics. We will analyze how doping affects some of the important material 

characteristics of the photoswitch. 

 

4.2.1 Mobility vs. Doping Concentration 

 

Figure 4.4 shows the mobility vs. doping concentration for GaAs [28]. We can see 

that as we add more impurities, the mobility of both electrons and holes decreases. Since 

we would like the mobility to be as large as possible, adding impurities can be 

detrimental. On the other hand, adding certain impurities such as beryllium makes carrier 

recombination time shorter, which is desirable for our photoswitch. So there is a tradeoff 

between the recombination time and mobility. However, sweep-out is the dominant 

mechanism of discharging our photoswitch at 10 GHz, we prefer to have higher carrier 

mobility rather than faster recombination time. Therefore, undoped material is preferred. 



Figure 4.4: GaAs carrier mobility as a function of doping.  
 

 

4.2.2 Resistivity vs. Doping Concentration 

 

 Figure 4.5 shows the resistivity vs. doping concentration for GaAs [28]. We can 

see that as the doping increases, the dark resistivity decreases. Since we need to have as 

large a dark resistivity as possible in order to have small OFF state losses, we should in 

general avoid doping.  
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Figure 4.5: Resistivity as a function of doping for n-doped and p-doped GaAs. 
 

 

4.2.3 Defects [25] 

 

Semi-insulating (SI) GaAs has a large resistivity without illumination, which is 

desirable to prevent OFF state power loss. Most commercially available GaAs has defects 

caused by the growth process. Different processes cause different defects. For our study, 

SI GaAs grown by the liquid encapsulated Czohralski (LEC) method was assumed. The 

dominant defect in SI GaAs grown this way is the EL2 defect, which is a native crystal 

defect. EL2 centers are electrically neutral when occupied by electrons and they are 

positively charged when they release these electrons. Thus they behave like donors with a 
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concentration of 3*1015 cm-3.  In order for LEC grown GaAs to be semi-insulating, a 

shallow acceptor impurity, usually carbon (C), is doped to compensate the deep donor 

EL2 defect.  This is called the deep donor, shallow acceptor (DDSA) compensation 

process [29], [30].  Figure 4.6 shows the energy level diagram for the DDSA process. 

The process of compensation involves doping, so it decreases the carrier mobility (Figure 

4.4). GaAs without EL2 centers and no compensation is available, but its price is much 

higher. It is called intrinsic GaAs. 

 

Figure 4.6: Energy level diagram for DDSA compensation process. 
 

 

4.3 METAL-SEMICONDUCTOR (MS) CONTACT [27] [31]  

 

 To this point the discussion has been on the of the bulk materials. This section 

will consider junctions, where two different materials come in contact. In our case the 

two materials are the metal electrode and the semiconductor. Contact materials have 
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physical characteristics that cause some changes to the properties of the semiconductor 

near the junction. 

 There are two types of MS contacts: rectifying and non-rectifying. The type of 

contact depends on the properties of the metal, the semiconductor, the semiconductor 

surface, and the preparation method. The rectifying contact (Schottky barrier) has a larger 

barrier to charge transport in one direction than in the opposite direction, producing a 

nonlinear current vs. voltage characteristic. The non-rectifying (ohmic) contact has no 

significant barrier to charge carrier transport in either direction, and has a nearly 

symmetric and linear current vs. voltage characteristic. It is a low-resistance contact 

providing conduction in both directions between the metal and semiconductor. 

 

4.3.1 Rectifying Contact (Schottky Contact) 

 

Figure 4.7 shows the energy band diagrams of a metal to n-semiconductor pair in 

which the Fermi level of the semiconductor is higher than the Fermi level of the metal 

before the contact is made. The work function of the metal Φm is the energy required to 

remove an electron from the metal, and the work function of the semiconductor Φs is the 

energy required to remove an electron from the semiconductor. In this case Φm > Φs. 
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Figure 4.7: Energy band diagrams of a metal to n-semiconductor pair with Φm > Φs 
      (Schottky contact) (a) before and (b) after the contact is made. 

After contact, the Fermi level of the system in thermal equilibrium is constant (for 

the whole system), as shown in Figure 4.7b. Since the Fermi level for the semiconductor 

is originally higher than for the metal, upon contact some electrons will move from the 

semiconductor to the metal. This will produce space charge regions in the metal and the 

semiconductor. In the metal this negative space charge region will be very near the 

surface, and is of little consequence because of the large number of electrons in the metal. 

In the semiconductor, the positive space charge region due to the depletion of electrons 

extends over a relatively long distance W0. Physically, this space charge region is a 

barrier to the flow of the electrons in either direction. The difference between the work 



functions of the metal Φm and the semiconductor Φs is the barrier V0 which electrons 

from the semiconductor need to cross in order to enter the metal: 

sm0V Φ−Φ= .      (4.11) 

The difference between the work function of the metal Φm and the electron 

affinity of the semiconductor χ is the potential barrier ΦB which electrons from the metal 

need to cross in order to go to the semiconductor: 

χ−Φ=Φ mB .     (4.12) 

Figure 4.8 shows the I-V characteristic of a typical Schottky barrier. 

 

Figure 4.8: I-V characteristic of a typical Schottky barrier. 
 

 

4.3.2 Non-rectifying (Ohmic) Contact 
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An ohmic contact is defined as a MS contact that has a negligible contact 

resistance relative to the bulk or spreading resistance of the semiconductor. For our case 

that definition would be true before we shine the light, but it would change when we 

shine the light, because the resistance of the photoswitch (semiconductor) will decrease 

to values comparable to those of the contact resistance.  

Figure 4.9: Energy band diagrams of a metal to n-semiconductor pair with Φm < Φs 
      (a) before and (b) after the contact is made.  

Figure 4.9 shows energy band diagrams of a metal to n-semiconductor pair when 

the Fermi level of the metal is higher than the Fermi level of the semiconductor before 

the contact is made. In this case Φm < Φs. In equilibrium again, the Fermi level of the 

system has to be constant. Since the Fermi level for the metal is higher than for the 
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semiconductor, some electrons will move from the metal to the semiconductor. This will 

produce space charge regions in the metal and the semiconductor. In the metal this 

positive space charge region will be very near the surface, and is of little consequence 

because of the large number electrons in the metal. In the semiconductor there will be a 

negative space charge region over a relatively long distance W0. This accumulation layer 

is not a barrier to electron flow from semiconductor to metal nor is it a barrier to electron 

flow from metal to semiconductor. This is an ohmic contact.  

 

4.3.3 Tunneling Barrier 

 

The tunneling barrier is another type of ohmic contact. In this case the materials 

have work functions as in a Schottky junction (Φm > Φs). However, if the doping of the 

semiconductor is relatively high, the width of the depletion region will decrease, because 

the space charge width in a rectifying MS contact is inversely proportional to the square 

root of the semiconductor doping. Having a short space charge width will increase the 

probability of tunneling. The tunneling current increases exponentially with doping 

concentration [28]. 

 

4.3.4 Specific Contact Resistance [26] 

 

The specific contact resistance rc is the reciprocal of the derivative of current 

density with respect to voltage: 
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For a MS contact with relatively low semiconductor doping concentration, current 

transport is dominated by thermionic emission, and the contact resistance is: 
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For contacts with higher semiconductor doping concentrations, the dominant process is 

tunneling, and the contact resistance is: 
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Figure 4.10: Specific contact resistance vs. (square root of doping)-1. 
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Figure 4.10 shows a general plot of specific contact resistance vs. one over the 

square root of doping concentration, based on equations (4.14) and (4.15). We can see 

that for low doping the specific contact resistance is constant, and as we increase doping 

the contact resistance decreases.  

Figure 4.11 shows approximate values of the specific contact resistance as a 

function of the substrate doping ND for n-type GaAs [25]. This would represent the high 

doping concentration values from Figure 4.10. This figure is based on real measured data 

for GaAs. The contact is Au-Ge-Ni alloyed to n-type GaAs. Here we see that as the 

doping of GaAs increases, the specific contact resistance decreases.  

 

Figure 4.11: Specific contact resistance vs. doping. 
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4.3.5 Contact Resistance in a Photoswitch 

 

The contact resistance is an important part of our photoswitch design. As we 

illuminate the photoswitch, the contact resistance will change. Under illumination the 

number of free carriers becomes large, making the photoswitch look like a highly doped 

semiconductor. This makes the contact ohmic, regardless of what it was in the dark state, 

which means that under illumination a Schottky contact will become ohmic because of 

the tunneling effect.  

The specific contact resistance will depend on the total number of optically 

generated free carriers in a similar way to its dependence on doping. So the plot of the 

specific contact resistance vs. the number of optically generated carriers (which depends 

on the light intensity) would look similar to the plot of the specific contact resistance vs. 

doping shown in Figure 4.11, where we would substitute light intensity for doping 

concentration.  

At 10 GHz the switch will turn-on simultaneously with the optical signal. The 

mechanism of turn-off is more complex, and the Schottky barrier turn-off mechanism has 

the following advantages over the ohmic barrier: 

1. The total resistance change from low in the ON state to high in the OFF state is 

larger for the Schottky barrier than the change for the ohmic barrier, because the total 

resistance of the Schottky barrier is much larger than that of the ohmic barrier. This 

means that the Schottky contact will reach a high enough resistance faster than the ohmic 

contact. 
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2. The other effect of a Schottky contact on the turn-off process is that the contact 

will help the sweep-out process by blocking electrons from re-entering the photoswitch, 

(block injection) making the turn-off process faster [19]. 

For our application we prefer Schottky contacts, because they tend to produce 

faster turn-off.  



CHAPTER 5 

  

DESIGN 

 

It is our goal to design an electro-optical Class-E amplifier that operates with 

good output power at 10 GHz. First we will calculate the proper values for all amplifier 

circuit elements, assuming an ideal switch is being used in the amplifier. Then we will 

use Silvaco software to design the photoswitch, and using that photoswitch in the 

amplifier, simulate operation of the amplifier, and use the results to optimize the design 

of the photoswitch.  

 

5.1  PHOTOSWITCH DESIGN 

 

We use a basic bulk photoswitch as the active element in our amplifier. Figure 5.1 

shows the photoswitch, including the position of the electrodes and the direction of the 

incident light. The dimensions of the photoswitch depend on the operating frequency and 

the physical characteristics of the material. Since the switch is to operate at 10 GHz, the 

main mechanism for opening the switch is sweep-out. The charged particle transit time Tt 

is 

d
t v

LT =      (5.1)  

where L is the switch length, and vd is the drift velocity of the particle.  
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 If we assume that the maximum system transit time is one half of the total 

switching period T0, i.e., == 0t T
2
1T 50 ps, and we assume that the time average drift 

velocity vd is one half of the peak drift velocity for GaAs (1*107 cm/s), then we can 

calculate the maximum value for the length L to give us reasonable results: L < 5 μm, 

and this would be the case if the sweep-out takes a complete half period. Since we would 

like to have our turn off much faster (no more than 10%) than half a period, we can 

divide the calculated length by 10 to get L < 0.5 μm. This is just a rough approximation. 

We will be able to determine turn-on and turn-off times later when we do photoswitch 

simulations, and decide then how long the photoswitch should be. In our research we will 

start with those values and then do Silvaco software simulations in order to optimize the 

dimensions of the photoswitch.  

Figure 5.1: A simple bulk photoswitch. 



The contacts are on the top and bottom of the photoswitch. The contact resistance 

will depend on the area of the contacts.  

We will consider different values for the width and depth of the photoswitch in 

order to find the optimum values. The minimum switch thickness should be at least 4-5 

optical absorption depths to ensure optimum use of photons [20]. 

 

5.2      AMPLIFIER DESIGN [32], [33] 

 

Figure 5.2: Class-E amplifier with a photoswitch. 
 

Figure 5.2 shows a simplified opto-electronic Class-E amplifier. Here CP is the 

total parallel combination of the inherent parasitic capacitance of the photoswitch CPS, 

plus some additional external shunt capacitance CPshunt, to ensure correct circuit 

operation: CP = CPS⎟⎜CPshunt = CPS + CPshunt. Thus the switch’s inherent parasitic 
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capacitance is no longer a source of power loss but becomes an essential part of the 

circuit’s operation. Everything else is the same as in Figure 2.4.  

Our Class-E amplifier is to operate at 10 GHz. The load resistance R is 50 Ω. The 

supply power voltage VDC is limited by the photoswitch maximum electric field. We 

prefer to have VDC as large as possible because our output power and overall efficiency 

increase as VDC increases.  

We need to decide on a value for the quality factor Q. The quality factor of an 

ideal resonant circuit is the ratio of its resonant radian frequency ω to its bandwidth BW, 

i.e.,   

R
L

RC
1

BW
Q 0

0

ω
=

ω
=

ω
= ,    (5.2) 

where bandwidth BW is defined as the difference between the two half-power 

frequencies, i.e.,   

12BW ω−ω= .    (5.3) 

A lower Q gives a wider operating bandwidth and smaller power losses in the parasitic 

resistances of the inductors and capacitors, but higher harmonic content of the output. 

The minimum possible value of Q is 1.7879, at which the nominal waveforms shown in 

Chapter 2 can be obtained when the duty cycle D is the usual 50%. Derivations of 

analytical equations for designing the Class-E amplifier can be made only by assuming 

that the switch is ideal and the current in the load is sinusoidal, which is true only if the 

network has an infinite Q. We can choose our quality factor to be approximately equal to 

10, which will give us a bandwidth BW equal to 10% of ω. Choosing a value for Q, and 

using equation (2.44), we can calculate the inductance LS = L0 as: 
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ω
=

QRLS .     (5.4) 

Thus the value of LS for an ideal circuit is LS = 8 nH.  

Using equation (2.45) we can calculate CS as: 

)1525.1Q(R
1CS −ω

= .            (5.5) 

For an ideal Class E amplifier CS = 36 fF.  

The equation for total shunt capacitance CP from equation (2.35) is  

R447.5
1CP ω

= .        (5.6) 

Inserting the values for our amplifier we get that for an ideal circuit the total parallel 

shunt capacitance CP = 58 fF.  

The RFC is a very large inductor that suppresses RF current coming from the DC 

source and makes the DC input current (IDC) approximately constant. Equation (2.47) 

shows that value for RFC should be 

P
2C
10RFC

ω
> .       (5.7) 

This would give us the value for RFC > 44 nH. For our design we used RFC = 100 nH.  

 All values except for LS are based on the assumption that we have an ideal switch 

and circuit elements. Having non-ideal elements will require adjustments to the values 

calculated here. 

 

5.3 EFFECTS OF PARAMETER VARIATIONS 
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 In designing the Class E amplifier, we assumed that all elements are ideal. In 

reality they are not ideal, and as the frequency increases, the effects of non-ideal elements 

become more significant. In this section we will see how circuit element variations affect 

total amplifier anode efficiency η.  

 

5.3.1   Switch On-State Resistance [4], [34]  

  

 In order to have maximum efficiency, the on-state resistance of the switch should 

be equal to zero ohms. In the photoswitch simulations we concluded that the more light 

intensity we use, the smaller will be the photoswitch on-state resistance, but never zero. 

The tradeoff was that more light intensity means less gain and smaller PAE. This means 

that we need to decide how small on-state resistance we need in order to have acceptably 

small on-state losses, but still to have sufficient gain. The equation that shows the 

relationship between the on-state resistance RON and the anode efficiency η for an 

optimum class E amplifier is 

R
R

3652.11

1
PP

P
ONd0

0

+
≈

+
=η ,      (5.8) 

where R is the 50 Ω load resistance, and Pd is the power dissipated in the transistor, 

0
ON

d P
R

R
3652.1P ≈ .       (5.9) 

If the on-state resistance RON of the photoswitch is 0.5 Ω, the maximum anode efficiency 

will fall from 100% to 98.65%, which is a 1.35% drop. Thus, we should try to keep the 

on-state resistance as small as possible, hopefully, less than 0.5 Ω.  
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5.3.2 Switch Turn-off Time [34]  

 

 We can mathematically express how the finite current turn-off time toff affects the 

anode efficiency of the amplifier. First we can relate the turn-off time toff in seconds to a 

turn-off time τoff in radians: 

π=τ 2
T

toff
off ,    (5.10) 

where T is the period of the signal being amplified. The anode efficiency for an optimum 

amplifier with 50% duty cycle is then: 

2
off12

12
τ+

≅η     (5.11) 

We can calculate that if the turn-off time of the photoswitch is 10% of the total 

period T, τoff is then equal to π/5, and anode efficiency η is then 95%. If the turn-off time 

toff is 20% of the total period T, then efficiency drops to 88.4%. Since the photoswitch 

turn-off time is the parameter that is most non-ideal of all amplifier parameters at 10 

GHz, we will have to make sure that we start with this parameter first. Since the turn-off 

time increases with the photoswitch length, we need to determine the photoswitch length 

L before any other parameter, in order to have as small as possible a turn-off time.  

 

5.3.3 Shunt Capacitance CP Variation [4], [35] 
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 Figure 5.3 shows how variation of the susceptance B = ωCP of the shunt 

capacitance CP affects the class E amplifier anode efficiency η, for a nominal load 

resistance of 1 Ω and light pulse duty cycle of 50%. We can see that the amplifier is 



tolerant of variations of shunt capacitance, and maintains high efficiency for values 

between 0.06/R and 0.3/R. Two high efficiency operating points occur at B = 0.1836/R, 

and at B = 0.1144/R. This means that we have some flexibility in choosing the value for 

our shunt capacitance and still obtaining good amplifier efficiency.  

Figure 5.3: Amplifier anode efficiency η as a function of shunt susceptance B. 
 

 

5.3.4  Load Reactance Variation [4], [35]  

 

 Mistuning of the series output circuit causes a change in the load angle ψ, defined 

by equations (2.19) and (2.13) as: 

⎟
⎠
⎞

⎜
⎝
⎛=ψ −

R
Xtan 1     (5.12) 

where 
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S
S fC2

1fL2X
π

−π= .         (5.13) 

Figure 5.4 shows how a change in the load angle ψ affects the amplifier anode efficiency 

η if the signal duty cycle is 50%. The efficiency remains close to 100% for load angles 

between 40˚ and 70˚, and it is exactly 100% at 49˚ and 65˚. This means that we have 

some flexibility in choosing our tuned circuit element values, and still producing almost 

100% amplifier anode efficiency.  

Figure 5.4: Amplifier anode efficiency η as a function of load angle ψ. 
 

 

5.3.5  Duty Cycle Variation [4], [35] 

 

 Figure 5.5 shows how variation of the duty cycle D affects the amplifier anode 

efficiency η. The efficiency exceeds 95% for D between 0.4 and 0.6, which means that 
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the circuit tolerates variations of the duty cycle around its nominal value of 50% quite 

well.  

Figure 5.5: Amplifier efficiency η as a function of duty cycle D. 
 

 

5.4 AMPLIFIER TUNING PROCEDURE [4], [36]  

 

 A typical photoswitch voltage of a mistuned Class E amplifier is shown in Figure 

5.6. It can be seen that neither the slope nor the voltage are zero at the photoswitch turn-

on time, which is a requirement for ideal efficiency. The cause of mistuning is non-ideal 

behavior of the amplifier components. By using the amplifier tuning procedure described 

here we can make the photoswitch voltage change from the non-nominal case to the 

nominal case, which will improve the efficiency. This can be done by adjusting the 
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values of circuit elements CP, CS, LS, and by varying the switch duty cycle D to achieve 

exactly 50% on and off times of the photoswitch. 

 
Figure 5.6: Typical waveform of anode voltage in a mistuned Class E amplifier. 

Figure 5.7 shows various possibilities of what the photoswitch anode voltage 

might look like in non-nominal cases, and the central figure shows what the nominal case 

looks like. Comments under the waveforms are instructions as to what should be changed 

in the amplifier circuit (how we should vary CP and CS) in that particular case in order to 

change the photoswitch voltage from non-nominal to nominal. We can use this tuning 

procedure even if we don’t know the real non-ideal values of the amplifier elements. If 
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the on and off times of the photoswitch voltage are not each equal to 50% of the total 

period, we can also adjust the control signal duty cycle D to satisfy this condition.  

Figure 5.7: Class E amplifier tuning procedure. 
 

 

5.5   SILVACO SOFTWARE [37] 

 

We used Silvaco software to simulate the Class-E amplifier circuit. Silvaco is a 

suite of software packages that takes into account the physical characteristics of materials 

used to create elements of a circuit, and which does complex analysis of elements and 
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circuits using those characteristics. Atlas is a Silvaco program that enables one to design 

a particular element of a circuit that will simulate a real device. Mixed Mode is a PSpice-

like Silvaco program where we design a circuit, use at least one element designed with 

Atlas in the circuit, and run circuit analysis as with the well-known PSpice program.  

 

5.5.1  Atlas Design  

 

Using Atlas, we designed a simple photoswitch. The photoswitch consists of 

intrinsic bulk GaAs with electrodes connected directly on the top and bottom surfaces, 

creating Schottky contacts.  We varied the physical dimensions of the photoswitch 

(length, width, and depth) and the intensity of the incident light in order to find the 

geometry that gives the best operational results. We also varied the number of mesh 

points (how detailed we want the photoswitch to be analyzed). The denser the mesh 

points, the more accurate the results. The reason to use a smaller number of mesh points 

is reduction of computer time required to do the simulation. It is useful for getting a 

rough idea what dimensions are optimal. Then analysis with more mesh points is 

necessary to get more accurate results. Using Atlas we designed a simple bulk GaAs 

photoswitch with Schottky contacts and determined its dark I-V characteristics.   

 

5.5.2 Mixed Mode Simulation of the Photoswitch 

 

 In this part we simulated the photoswitch response to being illuminated by light. 

We applied a voltage to the series combination of the photoswitch and a 50 Ω resistor, 
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and analyzed the total current and transients of the total current when we apply the light. 

This tells us about the response of the photoswitch to the light.  

 

5.5.3 Mixed Mode Simulation of a Class-E Photoswitch Amplifier  

 

Finally, we designed a Class E amplifier as in Figure 5.2. In order to simulate the 

physical behavior of the photoswitch during normal operation, we designed it in Atlas 

and inserted the designed device into the Mixed Mode amplifier circuit. All other 

elements of the circuit were ideal elements designed for an ideal amplifier and written in 

PSpice code. The photoswitch was illuminated on its left side by a train of 0.85 μm 

wavelength light pulses having a square wave temporal shape, 50 ps pulsewidth, and 1010 

pulses per second frequency. This represents the 10 GHz square pulse of duty cycle D = 

50%. We determined the resulting DC source current and the output voltage.  

We performed the following simulations. 

1.  We varied the physical dimensions of the photoswitch (length, width and depth) 

in order to find the geometry that gives the best results. 

2. We also varied the light intensity in order to find the optimal value.  

3. The last parameter we varied was DC voltage supplying power to the amplifier. A 

large voltage means more output power of the amplifier and better efficiency. 

However, we were limited by the breakdown voltage of the photoswitch, so we 

tried to find the largest possible applied voltage for which the amplifier would 

still work. 

 



Using the results of the simulations, we then calculated the following: 

- average signal light power incident on the sample:    w*L*
2

I
P light

light =   (5.14) 

-  input electrical power:       )V(IVP DCDCin ∗=  (5.15) 

- output power:       
out

2
amplitudeout

out R2
V

P −=   (5.16) 

- anode efficiency:      
in

out
P
P

=η    (5.17) 

- gain:        
light

out
P
PG =    (5.18) 

- power added efficiency            
in

lightout
P

PP
PAE

−
=   (5.19) 

The results of the simulations are presented in the following chapters.  
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CHAPTER 6 

 

PSPICE SIMULATION  

 

In this chapter we present results of PSpice simulations of an ideal Class E 

amplifier. There are two reasons for doing the PSpice simulations: 

1. To see the input and output signals in order to make sure that we have correct values 

for the inductors and capacitors, which would produce ideal amplifier waveforms. 

2.  To get familiar with the waveforms of the Class E amplifier. 

We designed and simulated a Class E amplifier operating at 1 MHz using PSpice 

software, as shown in Figure 6.1. All elements were ideal. The power supply voltage was 

20 V DC. The input signal was an ideal square pulse signal of amplitude 1 V, frequency 

of 1 MHz, and duty cycle of 50 .  

Figure 6.1: Class E amplifier with an ideal switch. 
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Figure 6.2 shows the DC Power supply voltage and AC output voltage waveforms 

for the amplifier of Figure 6.1. The DC supply voltage is +20 V. As can be seen, the RF 

output voltage V(R2) at the load is approximately a sinusoid with amplitude of 23 V.  
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Fig. 6.3 shows the DC power supply current I(Lrfc), and the switch voltage.  The 

DC power supply current, which flows through the RF choke I(Lrfc) is almost constant, 

which is desirable. The fluctuation of the power supply current is controlled by the 

inductance Lrfc. In this example the fluctuation is around 2% of its average value, which 

creates around 1.4% power loss at the source. The peak value of the switch voltage is 

around 70 V, which is 3.5 times larger than the DC power supply voltage.   

Figure 6.2: Input and output voltage of an ideal Class E amplifier operating at 1MHz. 



Figure 6.3: Power supply current and switch voltage waveforms of an ideal 
Class E amplifier operating at 1MHz. 

 

Figure 6.4 shows the average DC supply power and the average RF output power. 

Definitions for the DC input power and output power in Fig. 6.4 are: 

)IV(AVGP LrfcDCdc ∗=     (6.1) 

))R(I*)R(V(AVGP 22out =     (6.2) 

From Figure 6.4 we can see that Pdc = 5.24 W, and Pout = 5.32 W. In this case the output 

power is larger than the DC supply power, because we have an ideal amplifier, and the 

power of the input RF signal which controls the switch is transferred to the output power 

as well.  

 81



Figure 6.4: Input and output power of a Class E amplifier with an ideal switch. 

 

 

 

 82



 83

CHAPTER 7 

 

PHOTOSWITCH SIMULATIONS 

 

 Simulations are the final part of our project. First we designed and optimized a 

photoswitch and studied the basic electrical characteristics of the switch using Atlas and 

Mixed Mode software programs from Silvaco Inc. Then, as described in Chapter 8, we 

used that switch in the Class E amplifier, and studied the amplifier operation using Mixed 

Mode software from Silvaco Inc.   

 

7.1 PHYSICAL DESCRIPTION AND DARK CHARACTERISTICS  

 

The first step in the simulations was to design and analyze a photoswitch to be 

used in the Class E amplifier operating at 10 GHz. Our choice for the photoswitch is a 

simple metal-semiconductor-metal (MSM) bulk intrinsic device based on GaAs, as 

shown in Figure 5.5.  The contacts are assumed to be rectifying, i.e. Schottky, contacts in 

order to reduce charge injection at the contacts, which would adversely affect the speed 

of the device for 10 GHz operation.  

To ensure Schottky contacts, we assumed contacts of silver with work function of 

4.73 eV [38]. Chemical reactions between the metal and the semiconductor alter the 

barrier height as do interface states at the surface of the semiconductor and interfacial 

layers. GaAs is known to have a large density of surface states, so that the barrier height 

becomes somewhat independent of the metal. Furthermore, the barrier heights reported in 



the literature vary widely due to different surface cleaning procedures. The measured 

barrier height for an Ag-GaAs junction is 0.88 eV [26], which provides a good Schottky 

contact.  

Silvaco software provides different models to account for the physics of different 

semiconductors. Fermi-Dirac statistics (rather than Maxwell-Boltzmann) were chosen to 

ensure proper modeling of high carrier concentrations. The Shockley-Read-Hall (SRH) 

recombination model was used to account for thermal recombination and generation, and 

Auger recombination was used to model carrier-carrier recombination. [37]  
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Figure 7.1: Silvaco model of the photoswitch. Numbers in the box represent power of 
ten. 

Using Atlas software we “built” a bulk, intrinsic GaAs switch 1µm long and 1µm 

deep. Atlas assumes that the third dimension (width) is 1µm, and does all calculations for 



this width. Figure 7.1 shows a length versus depth view of the Atlas model of the 

photoswitch. Note that green lines represent the mesh used for the finite element model. 

We can specify in code how many identical 1µm layers we want to put together to form 

the device, and this will be the third dimension. Electrodes are placed on the top and 

bottom of the switch, as shown in Figure 7.1. Since the contacts are rectifying (Schottky), 

it is recommended that the mesh be very fine just beneath the contacts, inside the 

semiconductor. This allows the Schottky depletion region to be accurately simulated. 

Note also that the device is assumed to be doped with 1012 donors / cm3 to represent the 

unintentional background doping.   

Figure 7.2: Simulated dark I-V characteristics of the photoswitch. 
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 The Atlas-generated dark (without light being applied to the photoswitch) I-V 

characteristics of the 1 µm by 1 µm by 1 µm photoswitch are shown in Figure 7.2. The 

applied voltage was increased until the occurrence of breakdown. Figure 7.2 shows that 

breakdown occurs at approximately 33 V, which corresponds to an electric field of 

approximately 330 KV/cm across the 1µm length of the photoswitch, in agreement with 

published values of bulk breakdown in GaAs [20], [39]. Thus, under conditions of the 

simulations, surface breakdown, which occurs at approximately 140 KV/cm, did not 

occur. Prior to breakdown, the dark current in Figure 7.2 is approximately 5.6 pA. This 

same basic geometry was used in all subsequent simulations, with appropriate variations 

of switch length, depth and width. 

 

7.2 MIXED MODE SQUARE PULSE PHOTOSWITCH SIMULATIONS  

  

After determining the dark I-V characteristics, we “assembled” the simple circuit 

shown in Figure 7.3 in order to study the response of the photoswitch when illuminated 

with an optical pulse. The voltage VDC was set to 1.0 Volt, and the resistor RL was set to 

50 Ω to represent the impedance of a 50 Ω microwave system. For switching purposes it 

is important that the illuminated or ON-state resistance of the switch be small compared 

to the rest of the impedance in the system. Since our investigation was limited to 

intrinsic, i.e. band-to-band, optical absorption and triggering, the photon energy of the 

illuminating light had to be greater than the 1.43 eV band gap of GaAs. Thus, light with 

wavelength of 0.85 μm and photon energy of 1.46 eV was assumed. To carefully examine 

the transient behavior of the photoswitch, the illuminating light was assumed to consist of 



a 50 Mpps (20 ns period) square pulse train having a 50% duty cycle and varying peak 

intensities. Then we observed the total steady state current I in Figure 7.3, and the current 

rise and fall transients.  

Figure 7.3: Circuit to test the optical pulse response of the photoswitch. 
 

 

7.2.1 Photoswitch Parasitic Capacitance (CPS)  

 

 We can approximate parasitic capacitance CPS of a photoswitch by using basic 

capacitance equation: 

L
AC 0rPS εε=      (7.1) 

where ε0 = 8.854 * 10-14 F/cm, εr = 13.1, conducting area of a photoswitch A = d * w, and 

L is the length of the photoswitch. For the photoswitch used in the dark current 

simulation, all three dimensions were 1 μm. The parasitic capacitance for that 

photoswitch is 0.116 fF.  
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Figure 7.4 shows the circuit of Figure 7.3 with the photoswitch parasitic 

capacitance CPS included. Equation (7.2) shows the total current time response in that 

circuit to a step optical signal if all elements in this circuit were fixed, including the 

resistance of the switch, at its on-state value Ron:  

⎥
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⎤

⎢
⎢
⎣

⎡
⎟⎟
⎠

⎞
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⎝

⎛
−+

+
=

PSonon

DC
C)R//50(

texp1
R50

V)t(i  .      (7.2) 

Thus, Equation (7.2) gives the circuit response as determined by the switch 

capacitance. We can see that the time constant for this circuit is proportional to the 

parallel combination of the on-state resistance and the RL. Since the on-state resistance is 

usually much smaller than 50 Ω resistance of RL, the time constant for our circuit will be 

proportional to the on-state resistance Ron. However, in even the worst case of infinite on-

state resistance, the total equivalent resistance is 50 Ω, and the time constant associated 

with a 0.116 fF capacitance is only 5.8 fs, which is much faster than the picoseconds 

Figure 7.4: Equivalent photoswitch test circuit. 



transit times shown in the simulations. Thus, we can conclude that the switch parasitic 

capacitance has a negligible effect on circuit behavior. 

 

7.2.2 Variation of the Light Intensity (ILight) 

 

In this simulation, we considered the effects of peak light intensity on switch 

performance. We kept all three dimensions of the photoswitch constant at 1 µm each, and 

set the peak light intensity to 2 MW/cm2, 20 MW/cm2, and 200 MW/cm2.  

 

Figure 7.5: Current response of the photoswitch circuit shown in Figure 7.3 to square 
wave optical pulses having peak optical intensities of 2 MW/cm2, 20 MW/cm2, and 
200 MW/cm2. 
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Figure 7.5 shows the current responses of the photoswitch circuit shown in Figure 

7.3 to square-wave optical pulses having the three intensities mentioned above. It can be 

seen that, as expected, as the light intensity increases, the peak current approaches the 

maximum possible value limited by the 1 V source and the 50 Ω resistor. This is because, 

with increasing light intensity, there are more photo-carriers generated, which make the 

total photoswitch resistance smaller, so that the current increases. Since we need our 

photoswitch to have negligibly small on-state resistance in order to have small on-state 

power loss in any circuit containing the switch, the peak light intensity has to be large 

enough to make the on-state resistance of the switch negligibly small.  

In order to examine the transient behavior of the switch, Figures 7.6 and 7.7 are 

expansions of the turn-on and turn-off portions of Figure 7.5, respectively. We define the 

turn-on time as the time required for the current to go from 5% to 95% of the on-state 

value, and the turn-off time as the time required for current to fall from 95% to 5% of its 

on-state value. Table 7.1 shows the values of the peak current, corresponding on-state 

resistance, and turn-on and turn-off times for three cases illustrated in Figures 7.5, 7.6, 

and 7.7.  

 90

 

Table 7.1: Peak current, corresponding on-state resistance, and turn-on and turn-off 
transients of the photoswitch illuminated with different light intensities. 

Light Intensity (MW/cm2) Ipeak (mA) Ron (Ω) Ton (ps) Toff (ps) 
2 5.19 142.7 165 168 
20 18.83 3.107 31 316 

200 19.73 0.697 4 329 



 91

 

 
Figure 7.7: Expansion of the turn-off transients of the signals shown in Figure 7.4.  

Figure 7.6: Expansion of the turn-on transients of the signals shown in Figure 7.4.  



7.2.3 Variable Photoswitch Length (L) 

  

In this simulation, we varied the length (L) of the photoswitch while holding all 

other parameters fixed. The fixed photoswitch dimensions were: depth d = 1 µm, and 

width w = 1 µm. For the length L we used 1µm, 2 µm, and 5 µm. The light intensity was 

fixed at 20 MW/cm2. Figure 7.8 shows how the total length of the photoswitch affects the 

current when all other values are held constant. We can see that for the longest 

photoswitch the steady-state circuit current is smallest, primarily because of the larger 

internal resistance associated with the larger switch.   

Figure 7.8: Square pulse response of photoswitches with different lengths. 
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Figure 7.9: Turn-on transients of photoswitches with different lengths. 
 

Figure 7.10: Turn-off transient of photoswitches with different lengths. 
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Figures 7.9 and 7.10 show, respectively, the turn-on and turn-off transients for the 

three cases considered in Figure 7.8, and Table 7.2 gives the respective numerical values 

of  turn-on and turn-off times along with peak current and on-state resistance. We can see 

that the longest photoswitch requires the longest time both to turn on and to turn off.  

 

Length L (µm) Ipeak (mA) Ron (Ω) Ton (ps) Toff (ps) 
1 18.83 3.107 31 316 
2 18.59 3.792 39 530 
5 17.73 6.402 55 969 

Table 7.2: Current, turn-on and turn-off transients, and the on-resistances of the 
photoswitches with different lengths illuminated by 20 MW/cm2 light intensity. 

 

7.2.4 Variable Photoswitch Depth (d) 

 

In this simulation we kept the light intensity and switch length and width constant, 

and varied the switch depth (d) in order to see how it affects the photoswitch behavior. 

The switch length and width were 1 µm each.  We used a light intensity of 2 MW/cm2, 

and allowed the photoswitch depth to be 1 µm and 10 µm. The resulting current 

waveforms are shown in Figure 7.11, and the values of the peak current, on-state 

resistance, turn-on time, and turn-off time are shown in Table 7.3.We can see that as the 

photoswitch depth increases from 1 µm to 10 µm, the total current increases from 5.19 

mA to 8.75 mA, simply because the photoswitch resistance is smaller for the deeper 

photoswitch. The reason for this is that in the shallower photoswitch some of the 

incoming light goes through without being absorbed, and there is less electron-hole pairs 

created. Figure 3.4 shows that the absorption depth for light of wavelength 0.85 µm is 

around 0.5 µm. This means that in the shallow (d = 1 µm) photoswitch only 86% of the 
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incoming light is absorbed. In the deeper photoswitch, almost all light is absorbed, 

creating the equivalent of a series of increasingly larger resistors in parallel, which results 

in a less total resistance.  

Figure 7.11: Square pulse response of photoswitches with different depth 
illuminated by 2 MW/cm2 light intensity.  
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 The conclusion to this section is that the photoswitch depth is important for on-

state resistance, i.e. more light will be absorbed in a deeper photoswitch, and it will have 

smaller on-state resistance. In order to maximize gain and PAE, we should use the 

photoswitch that absorbs almost all incoming light. That means that if overall gain and 

Depth d (µm) Ipeak (mA) Ron (Ω) Ton (ps) Toff (ps) 
1 5.19 142.7 165 168 
10 8.75 64.4 165 160 

Table 7.3: Current and the on-state resistance of the photoswitches with different 
depths illuminated by 2 MW/cm2 light intensity. 



PAE is an issue, we should use the photoswitch that has depth d equal to at least 4 to 5 

optical absorption depths to ensure optimum use of photons.  

 

7.2.5 Variable Photoswitch Width (w) 

 

In this simulation we analyzed how the device width (w) affects the performance 

of the photoswitch. The length and depth were both 1µm, and we compared 

photoswitches with widths of 1 μm, 10 μm, and 100 μm. The light intensity was 20 

MW/cm2.   

Figure 7.12: Square pulse response of photoswitches with different widths 
illuminated by 20 MW/cm2 light intensity.  
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Figure 7.12 shows the photocurrents for the three cases. In this case increasing the 

device width is approximately equal to adding resistors of equal values in parallel, so that 

the on-state resistance should decrease in proportion to the number of layers. The data in 

Table 7.4 approximately verify this. Note that the peak photocurrent in Table 7.4 

approaches 20 mA as device gets wider. This is because the resistance is getting very 

small compared to the 50 Ω resistor in series with it. The 50 Ω resistor limits the current 

in the circuit to 20 mA.  
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 The conclusion to this section is that a wider photoswitch has smaller resistance 

and the total current is larger. In our test circuit, when the photoswitch has an on-state 

resistance of 1 Ω or less, the total resistance is dominated by the 50 Ω resistor, and the 

total current doesn’t change much. The tradeoff here is that the wider photoswitch will 

require greater light power to maintain the same light intensity as in the narrower 

photoswitch. This will reduce circuit gain.  

 

7.3   DISCUSSION 

 

To use the photoswitch in an efficient Class E amplifier at microwave 

frequencies, it is important that the switch turn on as fast as possible to minimize turn-on 

losses, have as small an on-state resistance as possible to minimize conduction losses, 

Width w (µm) Ipeak (mA) Ron (Ω) Ton (ps) Toff (ps) 
1 18.83 3.107 30.9 316 
10 19.88 0.302 2.8 224 

100 19.99 0.025 3.0 203 

Table 7.4: Currents, turn-on and turn-off transients, and on-state resistances of the 
photoswitches at 20  MW/cm2 with variable widths. 



and turn off as fast as possible to minimize turn-off losses. From the data presented in 

this chapter, it is evident that there are trade-offs among these features, so that, in order 

optimize the design of the switch, it is necessary to understand the underlying device 

physics.  

Although the Silvaco software includes al the important semiconductor opto-

electronic physics, some simple analysis can help understand the results obtained in order 

to design an optimum device. From Figure 7.3 we can express the current i(t) as 

)t(RR
V)t(i

PL

DC
+

=      (7.3) 

where RL is the 50 Ω fixed load, VDC is the (usually) 1.0 volt bias, and RP (t) is the 

resistance of the photoswitch, which can be expressed as 

wd)t(
L)t(RP σ

=      (7.4) 

where L, w, and d are, respectively, the device electrode spacing, its width, and the depth 

in the direction of light absorption. σ(t) is the electrical conductivity,  given by 

)]t()t()[t(qn)t( pn μ+μ=σ      (7.5) 

where q is the electron charge, μn(t) and μp(t) are the electron and hole mobilities, 

respectively, and n(t) is the density of photo-induced electron-hole pairs. Note that during 

turn-on and turn-off the electron and hole mobilities may change depending on the 

electric field in the device, which will change as the device resistance and therefore the 

voltage change, but their rates of change will be small compared to that of n(t).  

The density n(t) of excess carriers has been analyzed by Nunnally and Hammond 

in their work on photoconductive switches [40]. They show that, assuming that the 
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incident light is absorbed uniformly from the surface of the device to depth d, n(t) can be 

described by the differential  

t
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In Equation (7.6), I0 is the peak intensity of the incident light, r is the reflection 

coefficient at the surface of the photoswitch, Eλ is the photon energy, Tr and Tt are the 

recombination and transit times of the excess carriers, respectively, and ηi is the contact 

injection efficiency. If we define the quantity Tnet such that  
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then Equation (7.5) becomes  
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The solution of Equation (7.8) is  
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We can rewrite Equation (7.9) as: 
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where N0 is defined as: 
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The peak intensity I0 is assumed to be the amplitude of the optical square wave 

function Ilight(t) shown in Figure 7.13a. If Ilight(t) begins at t = 0, then n(t) described in 

Equation (7.9) can be sketched as in Figure 7.13b. Note that Equation (7.9) describes 
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both the rise of n(t) with the application of Ilight(t), and its steady state value N0 if a 

steady-state value one is reached before the end of the Ilight(t) square wave. The decline of 

n(t), shown also in Figure 7.13b, is not described by Equation (7.9). Instead we express it 

as 

)T/t(
0

neteN)t(n −=      (7.12) 

where the value of Tnet may not be constant throughout the entire decay interval.  

 

Figure 7.13: Temporal variation of optical pulse Ilight(t) and resulting excess carrier 
density n(t) in the photoswitch.  

 If we substitute Equation (7.9) into Equation (7.5) and use the result in (7.4), we 

obtain 
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where μT(t) = μn(t) + μp(t). This expression for RP(t) is used in Equation (7.3)  to give the 

current i(t) in the circuit shown in Figure 7.3.   

 In order to understand the results of the simulations, it is important to note two 

items. First, Equation (7.3) shows that, no matter how small RP(t) is, the largest current 

that can flow in the circuit of Figure 7.3 is limited by the load resistance to (VDC / RL). 

Second, Equation (7.13) shows that besides the geometric factors L and w, and the 

optical quantities Eλ, I0, and r, RP(t) also depends on μT(t) and Tnet, which vary with, 

among other things, the voltage across the switch, which depends, in part on the circuit. 

Thus, RP(t) is determined by both the physics and geometry of the photoswitch and the 

circuit in which it is embedded, Figure 7.3 in this case.  

 

7.3.1   Turn-on Times 

 

 Figure 7.6 and Table 7.1 show that the photoswitch turn-on time decreases from 

165 ps to 4 ps as the peak optical intensity increases from 2 MW/cm2 to 200 MW/cm2. 

Also Figure 7.9 and Table 7.2 show that the turn-on time increases slightly as the device 

length increases from 1 μm to 5 μm, and Table 7.4 shows that the turn-on time decreases 

as the device width increases. The dependence of device performance on depth d is not 

explainable with the results derived here because uniform light absorption from the 

surface to depth d is assumed. We can explain these results in terms of the limited rate of 

rise, or slope, of i(t) as follows. Using Equations (7.4) and (7.5), Equation (7.3) can be 

written as  
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from which it can be shown that  
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where K = L /dwqμT(t).  

The initial rate of rise of i(t) is di(t)/dt at t = 0, which, from Equation (7.15), is 
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Using Equation (7.8),  
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Equation (7.18) shows that, assuming everything but I0 is fixed, the initial slope of 

i(t) increases linearly with the peak optical intensity I0. At the largest intensity (200 

MW/cm2), the initial slope is steep enough that it take the current only 4 ps to reach its 

load resistor-limited value. In each of the lower intensities, the initial slope of i(t) is 

successively smaller, so that it takes longer to reach the respective resistor-limited value. 

Similarly, Equation (7.18) shows that the initial slope of i(t) decreases as device length L 

increases, so that the turn-on time should increase, and it increases as the device width w 
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increases, so that the turn-on time should decrease. These observations are in agreement 

with the data in Tables 7.3 and 7.4.  

 

7.3.2   On-State Resistance Values   

 

 An expression for the switch on-state resistance Ron can be obtained by setting      

t >> Tnet in Equation (7.13). The result is    

net0T
on TI)r1)(t(wq

LER
−μ

= λ     (7.19) 

Equation (7.19) states that Ron should increase linearly with device length L, decrease 

linearly with device width w, and decrease linearly with peak optical intensity. Increasing 

the device width is equivalent to adding resistors in of equal value in parallel. The result 

is that the net resistance should decrease in proportion to the number of resistors or, 

equivalently, the number of units (micrometers) of width, which as the data in Table 7.4 

verify, does approximately happen.  

 The variations of Ron with I0 and L are more complicated because particle 

mobilities μT(t) and net lifetime Tnet are complicated functions of I0 and L. As the peak 

optical intensity increases, the steady-state electron-hole pair density N0 increases, which 

lowers device resistance, so that the voltage across the device decreases. This changes the 

electric field ε in the device, which affects the particle drift velocity and, therefore, transit 

time Tt in Equation (7.7), which is used in Equation (7.19). If I0 is relatively low, ε may 

not be reduced enough (from its off-state value) for the particle mobilities to be their 

well-known constant values of 8500 cm2/V-s for electrons and 400 cm2/V-s for holes. In 
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that case, they will be smaller. On the other hand, if I0 is large enough, N0 will be large 

enough for carrier-carrier scattering to reduce carrier mobilities, and for Auger 

recombination to reduce the recombination lifetimes of the photo-induced carriers. This 

would affect Tnet. Also, plasma field screening will occur [41], [42], [43], reducing the 

electric field and thus increasing carrier transit times. We assume that the software 

accounts for all of these effects in the proper way, so that the on-state resistance values 

given in tables 7.1, 7.2, 7.3, and 7.4 are approximately correct.  

 

7.3.3     Turn-off Times 

 

 As stated above, during the turn-off interval, the excess carrier density n(t) is 

described by Equation (7.12), with N0 determined with Equation (7.9) for the case t >> 

Tnet. Thus, 
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We see that the return to the off-state is governed only by Tnet, which is given by 

Equation (7.7)  
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Since Tnet depends on external conditions and they change when the photoswitch is 

illuminated and it starts conducting, we will use Tnet (t) instead Tnet to be more objective. 
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We assume that the injection efficiency ηi is much smaller than 1.0, since the device 

consists of Schottky contacts. There is some suggestion that injection occurs under 

conditions of high optical intensity and low electric fields, but we neglect it here [43] 

[44]. Under that assumption, Equation (7.7) becomes  
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Under ideal conditions, the device length is very small, so that particle transit 

times are very short, and they dominate the net lifetime, i.e. 

)t(T)t(T tnet ≈ .    (7.21) 

Inserting equation (7.12) in equation (7.14) gives 
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If the on-state resistance Ron is much larger than RL, then equation (7.22) reduces 

to    
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which is a pure exponential decline which starts immediately after turn-off of the light. 

This represents the natural turn-off of the photoswitch.  

If the on-state resistance Ron is much smaller than RL, then at first there is a 

constant current  

L

DC
R
V)t(i = ,     (7.24) 
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which explains the platform and extended time in Figure 7.7, before the current starts  its 

exponential fall. The reason for slower turn-off is that the load resistance RL reduces the 

amount of charges leaving the photoswitch by limiting the circuit current, which slows 

discharge of the photoswitch.  

Finally, Equation (7.22) describes the whole turn-off interval, where at first Ron is 

smaller than RL and there is a delay, and then later Ron becomes larger than RL which 

produces exponential fall.  

Photoswitch optimization, discussed in the next section, was done to determine 

the best width of the photoswitch in terms of closing time.  

 

7.4 PHOTOSWITCH OPTIMIZATION  

 

After analyzing the basic characteristics and behavior of the photoswitch, more 

simulations were conducted to optimize all three dimensions and the light intensity. Most 

of these new simulations were done with a 1 GHz square wave of 50% duty cycle and 10 

V applied voltage in the circuit of Figure 7.3. These conditions are more appropriate to 

the working conditions of the photoswitch to be used in the Class E amplifier, and the 

results are more relevant. We used 1 GHz pulses so we can measure total turn-off time 

even for photoswitches too slow to operate at 10 GHz. The results show us how fast our 

photoswitch opens and closes, and how to adjust dimensions and light intensity to have 

optimal performance at 10 GHz. Comparing the results of photoswitch optimization and 

amplifier simulations in chapter 8 shows that there is a direct relationship between the 

photoswitch speed and the efficiency of an amplifier using that switch. The amplifier 
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using a faster photoswitch will have higher efficiency. This is an important fact to know, 

because if we can narrow our choices for a photoswitch to be used in the amplifier it will 

save us a lot of time in designing, simulating, building and testing photoswitch–based 

amplifiers.  

 

7.4.1  Light Intensity Optimization 

 

In Section 7.2.2 we saw how increasing light intensity creates more electron-hole 

pairs, making photoswitch resistance smaller, and thereby allowing larger current, which 

is limited by the 50 Ω resistance of the load. We also saw that larger current requires 

larger time to turn-off. In this section we will consider how light intensity affects turn-off 

time, and how to optimize it.  

Figure 7.14 shows the turn-off transients for current in figure 7.3 when the 

photoswitch is illuminated by light of intensities from 0.1 MW/cm2 to 100 MW/cm2. The 

switch dimensions are L = 0.5 µm, depth d = 5 µm, and width w = 100 µm. The light 

intensities producing the three smallest on-state currents are not large enough to 

completely turn-on the photoswitch, making its resistance and on-state power loss 

significant. The three cases of larger currents are generated when the photoswitch is 

illuminated by the light of larger intensity and has small enough on-state resistance. 

Comparing the turn-off transient waveforms of the three large currents, we can see that 

they look as one waveform shifted in time. This means that if we illuminate the 

photoswitch with larger light intensity, more electron-hole pairs are created, and the time 

the photoswitch conducts extended. The extra time (time shift) that current in the more 



conducting photoswitch takes before it starts falling is proportional to the number of 

additional carriers in the photoswitch created by larger light intensity that need to sweep-

out before the fast fall occurs. The current starts sharp fall when the photoswitch 

resistance becomes comparable with the 50 Ω resistance of the load.  

Figure 7.14: Light intensity optimization. 
 

We can now compare the two largest current waveforms in Figure 7.14, where the 

light intensity for the largest current is 100 MW/cm2, and the light intensity for the 

second largest current is 10 MW/cm2.  If we use smaller light intensity of 10 MW/cm2 to 

produce the same waveform as the current controlled by ten times larger light intensity of 

100 MW/cm2, we need to extend the duty cycle of the light of smaller intensity by an 

additional 20%. Basically to get the same results we use 40% more light power by 
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adjusting the duty cycle of smaller light intensity, compared with 900% more light power 

used if we increased light intensity ten times to do the same job.   

The conclusion is that if we want to save energy and have larger gain, we should 

use the minimum necessary light intensity that will produce acceptably small on-state 

resistance and losses, and vary the duty cycle of that light to adjust for the desired 

conducting state period.  

 

7.4.2  Photoswitch Simulations for Length L = 2 µm and 5 µm 

 

 So far we have varied only one parameter at a time, and compared the resulting 

currents and transients in order to see how that parameter affects the photoswitch. To 

optimize switch speed, we need to compare photoswitches when they have on-state 

resistance much smaller than 50 Ω (less than 1 Ω) with similar steady-state currents. This 

is important because we need to have as small as possible on-state power loss in our 

amplifier, and we need as short as possible switching transients in order to minimize 

switching loss. We learned previously that higher peak light intensity (I0), shorter 

photoswitch length (L), wider photoswitch width (w), and deeper photoswitch depth (d) 

produce smaller on-state resistance. But at the same time, some of those changes create 

longer turn-on and turn-off periods. The question is how to optimize the photoswitch to 

have best overall characteristics. 

The first parameter to be optimized in photoswitch design is the photoswitch 

length L. We already saw that a longer photoswitch is slower, so the length will be 



limited by the operational frequency, as stated in Section 7.2.3. Higher frequencies will 

require shorter photoswitches.   

In the present series of simulations we used lengths L = 2 µm and 5 µm and depth 

d = 5 µm, and varied the light intensity (IL) and the width (w). We started with a 

relatively long photoswitch length to show that the turn-off (sweep-out) time in this case 

is too long for operation at 10 GHz. We used the circuit form Figure 7.3, with a voltage 

of 10 V. 

 

Figure 7.15: Photoswitch simulations for L = 2 µm and 5 µm, d = 5 µm with various 
widths and light intensities. 

Figure 7.15 shows the circuit current response to a square light pulse illuminating 

a series of photoswitches. We can see that the turn-off time for all photoswitches is much 

longer than 50 ps (5*10-11 s), which is one half of a 10 GHz period. The L = 5 µm long 

 110



photoswitch circuit barely starts the opening process in one nanosecond, and the current 

stays almost constant (straight line on top). The other three photoswitch circuits, that use 

the L = 2 µm long photoswitch, turn off faster, but they still require more than 500 ps to 

do so. The conclusion is that a photoswitch long 2 µm or more wouldn’t be able to 

completely open, and an amplifier using this photoswitch would not work at 10 GHz. We 

need to use a photoswitch shorter than 2 µm at 10 GHz. 

 

7.4.3  Photoswitch Simulations for Length L = 1 µm 

 

Figure 7.16: Photoswitch simulations for L = 1 µm, d = 5 µm with various widths 
and light intensities, but constant light power.  
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In this set of simulations we used a photoswitch of length L = 1 µm, depth d = 5 

µm, with voltage of 10 V, and we varied the light intensity (IL) and the width (w), but 

kept the light power constant. Figure 7.16 shows the output currents for this simulation. 

We can see that the fastest turn-off time in this figure is more than 100 ps long, which 

longer than is a whole period of a signal at 10 GHz. This means that an L = 1 µm long 

photoswitch is also too slow to be used at 10 GHz.  

 

7.4.4   Photoswitch Simulations for Length L = 0.5 µm 

 

In this part we simulated a photoswitch of length L = 0.5 µm, and varied the other 

two dimensions (depth and width), and the light intensity (IL), but kept the total light 

power, as described by Equation (5.17), constant and equal to 0.5 W. The applied voltage 

was 10 V, rather than the 1.0 V from Section 7.2. We did simulations for the following 

values of depth (d): 1, 2, 5, 10, and 20 µm, and for the following values of width (w): 1, 

2, 5, 10, 20, 50, 100, 200, 500, and 1000 µm (a total of 50 combinations). We also did 

simulations for depth d = 50 µm with width w = 1, 10, 100, and 1000 µm (four more 

combinations). For each case we observed the turn-on and turn-off times and the on-state 

resistance. By examining the results we could determine an optimum value for depth (d) 

and width (w) of a photoswitch of length L in terms of the turn-off transient, which is the 

main cause of non-ideality.      

 

7.4.4.1   Photoswitch Simulation for Length L = 0.5 µm and Depth d = 5 µm 

 



In this simulation we kept fixed depth d = 5 µm, and varied width and light 

intensity, while keeping total light power constant.  

Width w (μm) Light  Intensity (MW/cm2) Ron (Ω) Ton (ps) Toff (ps) 
1 200 0.30434 5.34 48.6 
2 100 0.26389 5.47 44.4 
5 40 0.24116 5.52 37.8 
10 20 0.23560 5.27 33.0 
20 10 0.23157 4.76 29.1 
50 4 0.23056 4.77 26.9 
100 2 0.23106 5.97 30.7 
200 1 0.23005 8.22 44.3 
500 0.4 0.23056 14.15 91.4 

1000 0.2 0.23232 24.1 173.6 

Table 7.5: Turn-on and turn-off times for a photoswitch with L = 0.5 µm, d = 5 µm, 
constant light power of 0.5 W, voltage = 10 volts, and various widths w and light 
intensities I0. 

 

Table 7.5 shows results for one set of simulations where length L = 0.5 µm, depth 

d = 5 µm and ten different values of width w. All on-state resistances are much smaller 

than the 50 Ω resistance of the load, producing negligible on-state power losses in the 

photoswitch. The turn-off time is much larger than turn-on time and has larger variations, 

making the turn-off time the main cause of non-ideality of our switch, and the main 

parameter to observe and optimize. We can see that as we increase the width w, at first 

the turn-off time decreases, and later it increases. This gives us a range where an L = 0.5 

µm long and d = 5 µm deep photoswitch has optimal width in terms of turn-off speed, 

and in this case it is between 10 and 100 µm. The fastest two photoswitches in Table 7.5 

are the ones of width w = 20 µm and 50 µm.  

Figure 7.17 shows the output current turn-off waveforms for this set of 

simulations. The photoswitches with width of w = 50 µm and 100 µm are the two fastest 

photoswitches.  This is not exactly the same range as the best range in Table 7.5. 
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Inspection of the falling current waveforms is probably a better way to choose the fastest 

photoswitch, because our tables show turn-on and turn-off times for current varying 

between 5% and 95% of the maximum value, which are not necessarily the ideal values 

to determine the best rise and fall times. 
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7.4.4.2   Photoswitch Simulation for Length L = 0.5 µm and Variable Depth d and  

  Width w 

 

In this section, we show the simulation result for photoswitches with depth d = 1, 

2, 5, 10, and 20 µm and ten values of width w for each depth, plus simulations for a 

Figure 7.17: Current turn-off waveforms for a photoswitch with L = 0.5 µm, d = 5 
µm, constant light power of 0.5 W, voltage of 10 volts, and various widths w and 
light intensities I0, but constant light power. 



photoswitch with depth d = 50 µm with four different widths. This gives us a set of 

results for photoswitch performance depending on two variables: width and depth, with 

constant light power.   
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Table 7.6 shows the results for the fastest photoswitches from this set of 

simulations. The first thing to notice is that turn-off time increases as we increase the 

depth d. This means that shallower photoswitches are actually faster, but as mentioned 

before, not all light is used in them and there is a loss of optical power in this case. If gain 

is not an issue, then a shallow photoswitch would be a better choice than a deep one. The 

amplifier using a shallower photoswitch does have better efficiency because of shorter 

turn-off time. But since we do not have great gain and PAE in our photoswitch amplifier, 

and we need to use as much as possible of incoming light in order to optimize amplifier 

d (μm) w (μm) Light (MW/cm2) Area (μm2) Ron (Ω) Ton (ps) Toff (ps) 
1 100 2 0.42915 13.8 24.6 100 
1 200 1 0.42839 9.5 23.33 200 
1 500 0.4 0.42813 8.7 28.39 500 
2 50 4 0.27778 5.95 25.6 100 
2 100 2 0.27703 4.97 24.2 200 
2 200 1 0.27652 5.88 26.76 400 
5 20 10 0.23157 4.76 29.1 100 
5 50 4 0.23056 4.77 26.89 250 
5 100 2 0.23106 5.97 30.7 500 
10 10 20 0.23359 5.32 33.51 100 
10 20 10 0.23106 5.4 30.55 200 
10 50 4 0.23031 6.6 33.07 500 
20 5 40 0.23939 5.66 38.42 100 
20 10 20 0.23308 6.08 35.08 200 
20 20 10 0.23031 7.06 34.42 400 
50 1 200 0.29928 5.39 48.87 50 
50 10 20 0.23308 8.365 40.4 500 

 

Table 7.6: Turn-on and turn-off times for photoswitches with L = 0.5 µm, d = 1, 2, 
5, 10, 20, and 50 µm, constant light power of 0.5 W, and various widths w and 
light intensities I0.   
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performance, we will have to use deeper photoswitches where most of the incoming light 

is absorbed.  

Another thing to see from Table 7.6 is that the current conducting area of the best 

photoswitches is in the range of 100 to 500 µm2. The total current in all cases is around 

0.2 A, giving a range of steady-state current densities between 40 and 200 kA/cm2 for the 

fastest photoswitches.  

The conclusion is that for a photoswitch of length L, we are able to determine the 

range for optimal width and depth by looking at the best turn-off times from photoswitch 

simulation results.  

 

7.4.5  Matlab Interpolation of Photoswitch Results for Length L = 0.5 µm 

 

 We used the turn-off time results from photoswitch simulations for length L = 0.5 

µm from Chapter 7.3.4 and did Matlab software interpolation to get a continuous plot for 

any value of turn-off time, depending on two variables: depth d and width w. The range 

of values of depth d and width w from the simulations is 1 to 50 µm and 1 to 1000 µm, 

respectively.  We imported our data from the simulations into the Matlab software. To 

show the results of interpolations we can chose any range of depth within d = 1 to 50 µm 

and width within w = 1 to 1000 µm and get accurate turn-off time interpolation results. 

Also we can choose any number of points for our depth and width grid inside any range 

that we find necessary, in order to have a good resolution. We can choose any range of 

depth and width, and any precision (more grid points). We can show results either in 

tabular form or as a plot.  
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Table 7.7 shows the Matlab interpolation results for the turn-off time of the 

photoswitch described above.  The range for depth d is 1 to 15 µm, and the range for 

width w is 10 to 210 µm. There is a region where turn-off time has a minimum value for 

different depth and width combinations, and the conducting area (product of depth and 

width) in that region is between 100 and 500 µm2. 

 

Figures 7.18 and 7.19 graphically show, from two different perspectives, the data 

from Table 7.7. The dark blue color represents the best cases, where the turn-off time is 

fastest. We can see in this region that the product of width and depth is roughly constant, 

and this is where the optimum dimensions of the photoswitch occur.  

d/w 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 

1 39 33 31 29 27 27 27 26 25 25 24 24 24 24 24 24 23 23 22 23 27 

2 35 30 31 29 26 28 29 28 27 24 27 28 28 28 29 29 29 29 28 27 34 

3 33 29 31 29 25 29 30 30 29 26 30 31 32 33 34 35 35 35 33 32 40 

4 33 29 31 30 26 30 32 32 31 28 33 35 36 38 39 40 41 41 39 38 47 

5 33 29 31 30 27 31 33 34 33 31 36 39 41 43 44 46 47 47 46 44 54 

6 33 29 31 30 28 32 35 36 36 34 39 42 45 47 50 52 53 54 52 50 61 

7 33 29 31 31 29 33 36 38 38 37 42 46 49 52 55 57 59 60 58 57 68 

8 33 30 31 31 30 35 38 40 40 40 45 49 53 57 60 63 65 66 65 63 76 

9 33 30 31 32 32 36 40 42 42 43 48 53 57 61 65 69 71 73 72 70 83 

10 34 31 31 32 33 37 41 44 45 46 51 57 62 66 70 74 78 80 79 77 91 

11 34 31 32 33 35 39 43 46 47 49 55 60 66 71 76 80 84 86 86 85 99 

12 34 31 32 34 36 40 44 48 50 53 58 64 70 75 81 86 90 93 94 94 107 

13 34 32 33 35 37 42 46 50 52 56 61 68 74 80 86 91 96 100 101 103 116 

14 34 32 33 36 39 43 48 52 55 59 65 72 78 85 91 97 102 107 109 112 124 

15 34 33 34 36 41 45 50 54 58 62 68 75 83 90 97 103 109 114 117 121 133 

Table 7.7: Matlab interpolation results for turn-off times of a photoswitch L = 0.5 µm 
long. 
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Figure 7.19: Matlab interpolation of turn-off times of a photoswitch– side view. 

 

Figure 7.18: Matlab interpolation of turn-off times of a photoswitch – top view. 
 



Note that because of gain issues we should use the photoswitch that absorbs most 

of the incoming light. The photoswitch depth d should be at least 4 to 5 optical depths. 

This determines the lower limit of photoswitch depth d for GaAs around 2 µm. From 

Table 7.7 we can see that for photoswitches deep 10 µm or more, all turn-off times are 

larger than 30 ps. Thus, we chose d = 10 µm for the upper limit of the photoswitch depth. 

Next, we determine the optimum combination for both depth and width that will 

produce minimum turn-off time. Table 7.8 shows turn-off times for depth d in the 2 to 10 

µm range and the width w in the 43 to 109 µm range. The data shows that there is a 

narrow region with small turn-off times where the width w is 49 µm and the depth d is 

between 2 and 5 µm. In this region the turn-off time is around 26 ps. There is another 

region where depth is 2 µm and the width is around 100 µm that also has fast turn off 

time of around 25.5 ps. We can also see that the combinations of width and depth in 

Table 7.8 that produce area between 200 and 500 µm give turn-off times that are not too 

far from the optimum value.  

d/w 43 49 55 61 67 73 79 85 91 97 103 109 
28.5 26.1 27.2 28.1 28.5 28.6 28.4 28 27.2 25.6 25.5 26.82 
28.5 25.7 27.5 29.1 29.9 30.2 30.3 30 29.1 27.1 27.2 29.53 
28.7 26.1 28.1 30.2 31.3 31.9 32.1 31.9 31.1 29 29.4 32.34 
29 26.9 28.9 31.3 32.7 33.6 34 33.9 33.2 31.3 31.9 35.15 

29.5 27.9 29.8 32.5 34.2 35.3 35.9 36 35.4 33.8 34.7 38.16 
30 29 30.9 33.7 35.7 36.9 37.7 38 37.6 36.5 37.7 41.17 

30.7 30.2 32.2 35 37.1 38.6 39.6 40.1 40 39.4 40.8 44.28 
31.5 31.5 33.5 36.4 38.7 40.3 41.5 42.2 42.4 42.4 44 47.49 
32.4 32.8 34.9 37.8 40.2 42 43.4 44.4 44.9 45.4 47.3 50.710 
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Table 7.8: High-resolution Matlab interpolation results for turn-off time of L = 0.5 µm 
long photoswitch. 

From the Matlab interpolations we can conclude that there is a range of values for 

depth and width that produce fast turn-off. This is helpful in case there is a problem with 
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maximum current density, with parasitic capacitance, or with fabricating the device with 

particular dimensions. Thus, the photoswitch analysis is a very important step in our 

overall process of designing the photoswitch amplifier and it shows us a range of values 

from which we can choose our final photoswitch dimensions. 

 

7.5  CONCLUSIONS FOR CHAPTER 7  

 

- The first variable to determine in our photoswitch design is the length L, which 

needs to be shorter as the switching frequency increases.  

- For a given photoswitch length L, we need to determine the maximum voltage 

that we can apply. The tradeoff is that for a shorter photoswitch our applied voltage needs 

to be smaller to avoid electric breakdown. This limits the output power.  

- If gain is an issue, the photoswitch depth d needs to be equal to at least 4 to 5 

optical absorption depths. This means that the minimum photoswitch depth for GaAs 

should be around 2 µm.  

- We need to determine the minimum light intensity that will almost completely 

close our photoswitch, so there is no significant on-state resistance and on-state power 

loss on the photoswitch. Using larger than necessary light intensity will increase turn-off 

time and cause gain to decrease, which will cause the PAE in an amplifier to decrease. 

- Plotting the photoswitch turn-off time dependent on the photoswitch depth and 

width shows us the range of values where the photoswitch has its fastest response. This 

helps us to choose an appropriate photoswitch width.  



CHAPTER 8 

 

SILVACO CLASS E AMPLIFIER SIMULATIONS 

  

 In this chapter we will show our Class E photoswitch amplifier simulation results 

and waveforms at 1 MHz and 10 GHz. At 1 MHz we will just show results without 

deeper analysis, because the purpose there is just to prove that the concept of the 

photoswitch amplifier works. At 10 GHz we will do a deeper analysis of how the 

dimensions of the photoswitch and light variations affect the amplifier performance. The 

circuit of the Class E photoswitch amplifier from Figure 5.2 is shown again in Figure 8.1 

for convenience.  

Figure 8.1: Photoswitch Class-E amplifier. 
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8.1 AMPLIFIER SIMULATIONS AT 1 MHz 

 

 Our first amplifier simulation is at 1 MHz. The reason for using the frequency of 

1 MHz is that we want to have a long switching period, so the photoswitch has enough 

time to close and open, and transients don’t have a large influence on the amplifier 

performance. In this case the recombination times of photo-generated carriers will be fast 

enough to open the switch after the light is turned off. From this simulation we can gain 

more experience with photoswitch amplifiers before we move to higher frequencies 

where conditions are more demanding. We will also compare the resulting waveforms to 

the  results form the PSpice Class E amplifier simulation from Chapter 6, which was also 

done at 1 MHz.  

In this simulation the values of amplifier elements, applied voltage, and light 

source are the same as they were in the PSpice simulations in Chapter 6. Tuned circuit 

elements in the amplifier were: LS = 80 μH, CS = 325 pF, CP = 700 pF, and RFC = 1 mH. 

The applied voltage VDC = 20 V. The photoswitch was illuminated on its left side by a 

train of 0.85 μm wavelength light pulses having a square wave temporal shape with a 0.5 

μs pulsewidth, and 106 pulses per second frequency, which represents a square pulse 

signal of 1 MHz frequency and 50% duty cycle. In order to obtain the best efficiency for 

our amplifier we varied the following:  

- physical dimensions of the photoswitch (length, width, and depth)   

- DC supply voltage  

- light intensity. 



From the simulations we observed the DC source current and the output voltage 

waveforms. Then, from Equations (5.14) to (5.19) that are shown here again, we 

calculated: 

- average signal light power incident on the sample: w*L*
2

I
P light

light =      (8.1) 

- input electrical power     )V(IVP DCDCin ∗=      (8.2) 

- output power:                 
out

2
amplitudeout
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P −=    (8.3) 

- anode efficiency:     
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out
P
P

=η       (8.4) 

- gain:        
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out
P
PG =       (8.5) 

- power added efficiency            
in

lightout
P

PP
PAE

−
=  .    (8.6) 

Figure 8.2 shows the voltage waveform for the amplifier at 1 MHz. The figure on 

the left side shows the transient from off to steady-state on. The figure on the right side 

shows two periods of the fully developed (steady-state) output voltage. Note that, like the 

output voltage of the PSpice simulation shown in Figure 6.2, the output voltage is a 

relatively undistorted sinusoid with a frequency of 1 MHz and an amplitude of 24 V.  

 Figure 8.3 shows the transient in the DC power supply current from turn-on to 

steady-state on. With sufficiently large inductance of the RFC of 1 mH we can control the 

ripple in the supply current and make it small enough that it doesn’t create significant 

power loss of the source.  
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Figure 8.2: Output voltage waveform of the amplifier operating at 1 MHz. 
 

Figure 8.3: DC source current waveform of the amplifier operating at 1 MHz. 
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The results of the simulations at 1 MHz are summarized in Table 8.1. They show 

that changing the photoswitch dimensions or changing the light intensity affects both the 

DC source and RF output average power. We can see that in the best case, the amplifier 

with the photoswitch of length 5 μm, depth 100 μm, width 15,000 μm, and light intensity 

of 2000 W/cm2 is 90% efficient, it has an output average power of 5.76 W, and PAE of 

78.3%. These are excellent results, but only at 1 MHz switching frequency. Next, we 

move on to 10 GHz. 

Dimensions (μm) Signal light DC Supply Output     
Intensity 
(W/cm2) 

Plight 
(W) 

Vin 
(V) 

Pin 
(W)

Vout 
(V) 

Pout 
(W) L d w eff PAE 

100 10 15000 400 3 30 8.7 21 4.41 50.7% 16.2%
20 10 15000 200 0.3 30 4.8 11.5 1.32 27.6% 21.3%
5 10 15000 500 0.19 20 3.8 8.5 0.72 19.3% 14.3%
5 10 15000 1000 0.38 20 4.2 16.4 2.69 64.0% 55.1%
5 10 15000 2000 0.75 20 6.4 24 5.76 90.0% 78.3%
5 10 1500 20000 0.75 20 5.4 20.5 4.2 77.8% 63.9%

Table 8.1: Class E photoswitch amplifier simulation results at 1 MHz. 
 

 

8.2 AMPLIFIER SIMULATIONS AT 10 GHz 

 

For the 10 GHz frequency simulations, we used a photoswitch of length L = 0.5 

μm, and varied its depth and width. This photoswitch is fast enough to open and close at 

10 GHz frequency. The values of the tuned circuit elements, obtained in Chapter 5 are: LS 

= 8 nH, CS = 36 fF, CP = 58.4 fF, and RFC = 100 nH. The DC power supply voltage was 

10 V. The photoswitch was illuminated on its left side by a train of 0.85 μm wavelength 

light pulses having a square wave temporal shape, 50 ps pulse width, and 1010 pulses per 
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second frequency. This represents a 10 GHz square pulse of duty cycle D = 50%. We 

varied the light intensity in order to find the best efficiency.  

Table 8.2 shows the best results of our simulation at 10 GHz when the light duty 

cycle was fixed at 50%. The highest anode efficiency achieved was 59% with PAE of 

44%, and output power of 0.49 W.  
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Dimensions (μm) Signal light DC Supply Output     
Pout 
(W) 

Intensity 
(MW/cm2) 

Plight 
(W) 

Vout 
(V) eff PAE L d w PIN (W) 

0.5 5 100 0.5 0.125 0.83 7.0 0.4900 59.0% 44.0%
0.5 2 200 0.2 0.1 0.6 5.9 0.3481 58.0% 41.4%
0.5 2 100 0.5 0.125 0.727 6.45 0.4160 57.2% 40.0%

 
Table 8.2: The best class E photoswitch amplifier simulation results at 10 GHz, for 
the photoswitch of length L = 0.5 μm , with VDC = 10 V, and duty cycle = 0.5. 

The amplifier results shown in Table 8.2 were produced by light having total 

power around 0.1 W. Since light power is directly related to the number of photo-

generated carriers, this means that there is an optimum number of carriers per unit 

volume that produces large enough conductivity and has fast enough turn-on and turn-off 

times for a particular length L and frequency f. If the light power is too small the 

photoswitch will not completely close, which would cause large on-state losses and poor 

efficiency. Too large a light power could cause several problems. First, because the 

optical power is large, the amplifier gain could become small or even less than one, 

creating small or even negative PAE. Second, the turn-off time of the photoswitch 

illuminated by too large a light intensity could become longer, which would also reduce 

the amplifier efficiency and PAE. In an extreme case, it could happen that the 

photoswitch never completely opens because of too long a turn-off period, which 
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increases with larger light intensity, as explained in Section 7.3.1. That would cause 

current leakage during the off state which would increase off-state losses. 

Another thing to notice is that the photoswitch conducting area for the best 

amplifier efficiency cases is in a range of 100 to 500 µm2, which is the same range as the 

conducting area of photoswitches that had the fastest turn-off times in Section 7.3.3.  

 

8.3 DUTY CYCLE OPTIMIZATION AT 10 GHz 

 

 After determining the optimum dimensions of the photoswitch to be used in the 

Class E amplifier, we could optimize the amplifier. The first thing to optimize is the duty 

cycle of the light pulse. This optimization is necessary because the original calculation of 

values for duty cycle and tuned circuit elements assumes that the switch is ideal, but in 

reality the photoswitch doesn’t behave ideally at 10 GHz.  

The light response of a photoswitch analyzed in Chapter 7 showed that for an 

ideal square-shaped light signal there is a non-zero turn-off time of the photoswitch 

current. This means that the total time when the photoswitch is conducting is more than 

50% of the total period. To compensate for this extra conducting time caused by the non-

zero fall time of the photoswitch, we can shorten the duration of the signal light, which 

will allow the opening process to start earlier, and make the effective time when the 

photoswitch is conducting shorter. Changing the duty cycle does not make the current 

rise and fall any faster, but it can make the average time that the photoswitch is in the 

conducting state to be around 50% of the total period.   
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Table 8.3 shows the best amplifier simulation results at 10 GHz with variable 

photoswitch dimensions, peak light intensity, and light pulse duty cycle. The best result 

had an anode efficiency of 75.7%, PAE of 54.3%, and output power of 0.53 W. This is 

improvement over the simulations in which we had a fixed duty cycle of 50%. The best 

anode efficiency and PAE are achieved with duty cycles shorter than 50%, which is what 

we expected, because of the extended turn-off times at 10 GHz. The optimum light power 

is around 0.1 W.   

In Table 8.3 we can also see that, in all of the best cases, there is an optimal 

conducting area of photoswitches between 250 and 500 μm2, which is in the same range 

as the area of fastest photoswitches determined by simulations in Chapter 7. This means 

that in our amplifier design we can first do photoswitch design and analysis to determine 

the range of dimensions for the photoswitch that should be used in our amplifier. Then 

we can use that photoswitch in the amplifier and find optimal intensity and duty cycle of 

the incoming light signal. Then we can optimize the values of the other circuit elements 

(capacitors and inductors), as described in the next section, in order to achieve the best 

performance. 

Dim (μm) Light      DC Supply Output      

Table 8.3: Class E amplifier simulation results at 10 GHz, with a photoswitch of 
length L = 0.5 μm , with VDC = 10 V, and various depth, width, light intensity and 
duty cycle. These amplifiers are not optimized.  

d w 
Intensity 

(MW/cm2) 
duty 
cycle 

Plight 
(W) 

Vout 
(V) 

Pout 
(W) Pin (W) eff PAE 

2 200 0.5 0.3 0.15 0.7 7.28 0.53 75.7% 54.3% 
2 200 0.5 0.2 0.1 0.51 6.1 0.372 73.0% 53.4% 
5 50 1 0.3 0.075 0.504 5.86 0.343 68.1% 53.3% 
2 200 0.2 0.3 0.06 0.38 5.0 0.25 65.8% 50.0% 
5 100 0.5 0.4 0.1 0.645 6.5 0.423 65.5% 50.0% 
5 100 1 0.2 0.1 0.56 6.15 0.378 67.5% 49.7% 



8.4 PARAMETER TUNING PROCEDURE 

 

 In Section 5.4 we described how we can use the photoswitch voltage waveform to 

tune the amplifier passive elements CP and CS in order to optimize the amplifier 

performance. The amplifier from the second row in Table 8.3 (non-optimal cases) had the 

best efficiency of all tuned amplifiers, as shown in Table 8.4. The photoswitch 

dimensions are L = 0.5 μm, d = 2 μm, and w = 200 μm, and it is illuminated with light 

with intensity of 0.5 MW/cm2 and duty cycle of 20%. We varied CP and CS to optimize 

the amplifier performance.  

PIN (W) Vout(V) Pout (W) eff PAE Parameters (fF) 
0.51 6.1 0.3721 73.0% 53.4% Cp 58.4 Cs 36 
0.52 6.22 0.3869 74.4% 55.2% Cp 50 Cs 36 
0.525 6.35 0.4032 76.8% 57.8% Cp 40 Cs 36 
0.47 6.08 0.3697 78.7% 57.4% Cp 40 Cs 37 
0.48 6.18 0.3819 79.6% 58.7% Cp 35 Cs 37 
0.488 6.24 0.3894 79.8% 59.3% Cp 30 Cs 37 
0.424 5.82 0.3387 79.9% 56.3% Cp 30 Cs 38 
0.51 6.3 0.3969 77.8% 58.2% Cp 25 Cs 37 
0.436 5.91 0.3493 80.1% 57.2% Cp 25 Cs 38 
0.386 5.54 0.3069 79.5% 53.6% Cp 20 Cs 39 
0.342 5.12 0.2621 76.7% 47.4% Cp 20 Cs 40 

Table 8.4: Tuning and optimizing procedure results of a Class E amplifier using a 
photoswitch with dimensions L = 0.5 μm, d = 2 μm, and w = 200 μm, illuminated 
by light of intensity 0.5 MW/cm2 and duty cycle of 20%. 

 

 By using this tuning procedure we were able to design an amplifier with anode 

efficiency of 80.1%, PAE of 57.2%, and output power of 0.3493 W. This was done by 

decreasing CP to 25 fF and increasing CS to 38 fF. An amplifier with the highest PAE of 

59.3%, anode efficiency of 79.8%, and output power of 0.3984 W was achieved by 

decreasing CP to 30 fF and increasing CS to 37 fF. We can see that maximizing the anode 
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efficiency doesn’t necessarily maximize the PAE, but they are closely related. There is a 

narrow range of values for CP and CS that produce optimum amplifier performance.  

Figure 8.4 shows photoswitch voltage waveforms of some of the amplifiers from 

Table 8.4. The non-tuned amplifier, where CP is 58.4 fF and CS is 36 fF, has the lowest 

peak voltage and the worst efficiency of 73%. The other three waveforms are from the 

three best tuned cases from Table 8.4, and their efficiency is around 80%. We can see 

that their waveforms are similar to that of the nominal case.   

Figure 8.4: Photoswitch voltage in the Class E amplifier as a function of CP and CS. 
 

Equations (5.10) and (5.11) show how the finite current turn-off time toff affects the anode 

efficiency of the amplifier. They are repeated here for convenience. Thus, the efficiency 

for an optimum amplifier with 50% duty cycle is 
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where  

π=τ 2
T

toff
off ,    (8.8) 

and T is the period of the signal being amplified.  

From Table 7.6 we can see that the turn-off time for the photoswitch we used in the 

amplifier parameter tuning procedure is 26.76 ps. Using equations (8.7) and (8.8) we can 

calculate that the maximum anode efficiency we can expect to achieve is 80.9%. The best 

anode efficiency we achieved using the tuning procedure is 80.1%. This means that we 

obtained almost the maximum efficiency possible for the amplifier using the photoswitch 

with dimensions L = 0.5 μm, d = 2 μm, and w = 200 μm. 

 

8.5 AMPLIFIER SIMULATION CONCLUSIONS 

 

Length  

Higher frequencies require shorter photoswitches. The maximum photoswitch 

length can be determined by analyzing the turn-off time of the photoswitch, as described 

in Section 7.4. 

 

Depth and Width  

 Optimum depth and width can also be determined by the photoswitch analysis. 

The photoswitch with the fastest turn-off time will produce best amplifier efficiency. 
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Combinations of depth and width that produced the fastest turn-off time were identified 

in Section 7.4.5. 

 

Light Intensity  

The light intensity required to control the photoswitch depends on the total 

photoswitch conductivity necessary to operate the amplifier at optimum performance. It 

will also depend on the photoswitch dimensions. Photoswitch analysis can determine an 

approximate value for optimal light intensity.  

 

Light Duty Cycle 

 Varying duty cycle of light changes the time the photoswitch is open and closed. 

All photoswitches that have good on-state resistance will also have current flowing for 

more than 50% of the period because it takes some time to discharge the photoswitch. 

Shortening the light duty cycle can make current flow 50% of the period, which is a 

design requirement for the Class E amplifier. Making shorter duty cycle of the light 

means less light power used, and this increases gain and PAE of the amplifier. 

 

Mixed Mode Photoswitch Class E Amplifier Simulations 

This simulation showed us that if we are able to apply higher voltage, our results 

would be better. The electric field breakdown limits how much total DC power supply 

voltage we can apply to the amplifier. At high frequency the photoswitch length needs to 

be smaller, and the applied voltage will also have to be smaller. This limits our output 

power, and also reduces efficiency. 
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Simulations showed that we can build an efficient amplifier with best anode 

efficiency of 80.1% or best PAE of 59.3% at 10 GHz. Using a shorter photoswitch, 

finding optimal depth and width, varying light intensity and duty cycle, and varying 

tuned circuit parameters helps produce the best possible efficiency.     
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CHAPTER 9 

 

OPTICAL SOURCE 

 

In our amplifier design and analysis we assumed that we have an optical source 

that produces square pulses at 100% efficiency. In this chapter we will analyze the optical 

system efficiency to get a more accurate power and energy picture of our system.  

We have different options for our optical source. One is to use a continuous wave 

(CW) laser of desired peak optical power and modulate its output to produce the square 

pulses of desired power (Figure 9.1) – Method 1. The other option is to use the modulated 

optical pulses of a small power (Method 1 with small output power) and amplify them in 

a laser amplifier to get the pulses of desired power (Figure 9.2) – Method 2.   

 

Method 1 – Direct modulation 

 

For the CW lasers, we will assume the overall energy efficiency to produce 

continuous light is around 50%. There are reports of CW lasers having 66% efficiency at 

860 nm [45]. If we use Mach-Zehnder modulation, all optical energy during the off state 

will be lost. This is due to the modulation method. In order to make “off light” we split 

the constant light into two equal beams. One of them will stay the same all the time. The 

other will be either unchanged, or shifted by 180˚, depending on if we want “on light” or 

“off light”. Those two beams are later joined together. If the second beam is unchanged, 

the total output power is equal to the CW input power, and this is the on state. If the 



second beam is shifted by 180˚, it will then cancel the first beam and we get “off light”. 

During the “off light” period the light power is wasted. In this method of modulation, no 

matter what the duty cycle is, the average laser CW power is equal to the peak optical 

output power. This means that the efficiency of the modulation process ηm is equal to the 

duty cycle. The total efficiency of using this method is equal to the product of the CW 

laser efficiency ηcw and the efficiency of modulation ηm. If the desired duty cycle is 50% 

and the CW laser total efficiency is 50%, the overall efficiency of using this method is 

25%.  

Figure 9.1: Method 1 - Direct CW laser modulation. 
 

 

Method 2 – Laser amplifier 

 

 In this method we amplify small optical pulses in a laser amplifier to get the large 

output signal pulses. The input optical signal (a small power signal generated by using 

Method 1) is much smaller than the total amplified output signal, thus the efficiency of 

signal amplification in the laser amplifier is approximately equal to the efficiency of the 

laser amplifier ηLAtotal, which is equal to the total efficiency of Method 2. One study of a 
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laser amplifier producing 2.5 GB/s optical pulses and  having optical output power up to 

380 mW showed that the wall-plug efficiency of this amplifier can be up to 43% [46].  

Figure 9.2: Method 2 - Laser amplifier. 
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CHAPTER 10 

 

CONCLUSIONS 

 

In the first part of the project, we investigated an intrinsic bulk GaAs photoswitch, 

in order to see its switching characteristics. We illuminated the photoswitch, which was 

in series with a 50 Ω resistor, with light of various intensities, and varied the switch’s 

dimensions, and observed the circuit current waveforms. From the waveforms we could 

determine the photoswitch on-state resistance and turn-on and turn-off times. We could 

see that the most non-ideal variable of the three was the turn-off time, so this became our 

main variable to monitor while optimizing the photoswitch.  

We determined that the length between the electrodes of the switch will influence 

turn-on and turn-off times more than any other variable, and that it should be the first 

parameter to choose. The main criterion to use in choosing the length is the circuit turn-

off time, which is determined by the sweep-out process. Higher switching frequencies 

require a shorter photoswitch.  

After determining the photoswitch length, we optimized the photoswitch by 

finding a set of data for various combinations of depth and width, and by doing 

interpolation to determine the depth and width combination that produces the fastest turn-

off time. In those simulations we kept the total light power constant, which assured 

approximately constant on-state resistance. We were able to determine regions for the 

depth and width that have the best turn-off times.  
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We also concluded that we need a certain light power that makes the photoswitch 

on-state resistance small enough. Using too much light would not improve on-state 

resistance much, and would extend the turn-off time. 

After determining the photoswitch dimensions and illumination that provide the 

fastest turn-off time with small on-state resistance and small turn-on time, we then 

included the photoswitch in a Class E amplifier circuit. We replaced the transistor, that is 

usually used as the switch in the amplifier, with a photoswitch, and controlled the 

photoswitch’s turn-on and turn-off with light pulses. We simulated the amplifier 

operation at 10 GHz, and observed the resulting waveforms. From the waveforms, we 

were able to calculate the amplifier output power, anode efficiency, and power added 

efficiency (PAE). We varied the photoswitch dimensions, light intensity and its duty 

cycle, and values of the amplifier tuned circuit elements, in order to find optimal 

performance in terms of amplifier anode efficiency.  

 First we simulated amplifier operation using values of the circuit elements and 

light duty cycle calculated for the ideal nominal case that would produce 100% 

efficiency. To improve the actual efficiency, we then decreased the duty cycle to 

compensate for non-zero switching times. Finally, we optimized the amplifier by using a 

tuning procedure, in which we can use the photoswitch voltage waveform to determine 

exactly how to change the values of capacitors in the amplifier, in order to achieve 

maximum possible efficiency for a given non-ideal photoswitch.  

Simulations showed that the amplifier that has highest anode efficiency is the one 

that uses the fastest photoswitch as determined in the photoswitch simulations. This 

means that we can split the design process into two simpler stages in which we determine 



 139

the necessary photoswitch dimensions first and the optimal amplifier values later, which 

is faster than if we did the whole design as a single complex process.  

The simulations also showed that the photoswitch-based Class E amplifier can 

have an efficiency of 80.1% at 10 GHz, which is higher than the efficiency of an 

amplifier using transistors. 

 

FUTURE WORK 

 

The main problem in our design of the photoswitch for a Class E amplifier is its 

turn-off time. A shorter photoswitch has shorter turn-off time, but at the same time the 

maximum voltage that we can apply to the circuit becomes smaller, so that the maximum 

output power becomes smaller. In order to improve the turn-off time without using a 

shorter switch, we can do some different things. One thing to do is to use a different 

material that either has larger mobility, or saturation velocity, or shorter recombination 

time, or a material that has a larger breakdown electric field than intrinsic GaAs.  

 To have an amplifier operating at 10 GHz, we should use a transmission line 

network instead lumped elements, which don’t perform well above 4 GHz [47]. 
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