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ABSTRACT 

Scaling down the dimensions of electronic devices has driven dramatic 

improvements in the performance of logic elements, but not as much in the performance 

of on/off-chip interconnects. While individual logic elements have become smaller, faster, 

and more power efficient as feature sizes have shrunk, the communication bandwidth, 

latency, and power consumption have not benefited from the scaling down of feature 

sizes. As a result, conventional metal interconnects already constitute a serious 

performance bottleneck in today’s high performance silicon chips, one that will be more 

problematic in the future. 

While optical interconnects avoid the resistive loss and the capacitive physics of 

metal wires, and thus can help to meet latency and bandwidth requirements, the energy 

per bit of optical interconnects is high compared to that of their metal counterparts, 

except for long wires. Since the receiver circuit, which converts incoming optical signal 

to electric signal, consumes most of the power, it is important to minimize the power 

consumption of that circuit. 

This dissertation presents three novel optoelectronic devices, or phototransistors, 

and their operation mechanism. Rather than collect generated electron-hole pairs directly, 

these devices use the generated carriers to change the band bending in the gate or in the 

substrate, and thereby modulate the output current.  

The operation mechanism is based on a quantitative formulation and verified with 

simulation results on a test structure. The formulation is two-fold; first, the response of a 

phototransistor depends on the flux of the incident light, and thus shows a possibility of 



scaling down without sacrificing responsivity; second, this phototransistor utilizes the 

linear relationship between the logarithm of incident light and the gate voltage shift.  

As proofs that operation mechanism is functional, I implemented the mechanism 

with an upside-down and a stacked-gate phototransistor, which operate as devices 

complementary to a photodetector. Both devices demonstrate a linear relationship 

between the logarithm of the incident light and the shift in the gate voltage, which 

accords with the quantitative formulation. The upside-down device shows a gate voltage 

shift of 0.42V with 0.1mW of 850nm wavelength light, while the stacked-gate device 

shows a gate voltage shift of 0.15V with 0.15mW of 1550nm wavelength light. These 

phototransistors enable a light-to-latch operation and the elimination of high-power 

consuming receiver circuits, when they are used in conjunction with photodiodes 

operated in the conventional photoconductive mode. 

I also have implemented the mechanism with a depletion-mode MOSFET based 

phototransistor, which operates as a high-performance photodetector. This phototransistor 

has demonstrated a number of advantages, including very high efficiency (>100A/W), 

scalability, and CMOS compatibility. The demonstrated device has sub-wavelength 

dimensions, and simulation suggests that the gate length of this device can be scaled 

down to have a small output capacitance and a higher transconductance. These 

advantages suggest the possibility that we can solve two of the most challenging 

problems with the power requirements of the optical interconnect: power consumption in 

the light emitter and in the receiver. This phototransistor’s high responsivity requires less 

optical power from the light emitter to achieve an acceptable signal-to-noise ratio and the 



device’s scalability opens up the possibility of a small output capacitance, which would 

thereby reduce power consumption in the receiver circuit. 

  



CHAPTER 1. INTRODUCTION 

Scaling down the dimensions of electronic devices has driven dramatic 

improvements in performance of logic elements. Individual logic elements have become 

smaller, faster, and less power intensive as the feature sizes have shrunk. With scaled-

down transistors and a constant chip size, the number of transistors per chip has doubled 

every two years, as Gordon Moore predicted in 1965. 

On the other hand, the communication bandwidth and latency do not benefit from 

the scaling down of feature sizes [1]. For on-chip/off-chip interconnects, which are 

resistance-capacitance networks, cross-sectional bandwidth and latency depend on the 

product of the wire’s capacitance and resistance per unit length as, shown in figure 1. The 

wire’s capacitance per unit length remains virtually unchanged throughout the technology 

nodes, while the resistance per unit length of wire is inversely proportional to the cross-

sectional dimensions of the wire [2]. Thus, scaling down the wire does not increase the 

cross-sectional bandwidth or decrease the latency [3].  

 

Fig.1-1 The impact of scaling on interconnects. Since bandwidth is proportional to the area divided by 

length of the wire, both technology nodes have the same bandwidth 

Furthermore, scaling down the wire actually increases the resistivity of the wire as 

the cross-sectional dimension and the grain size of the wire approach the mean free path 

in copper [4]. Without careful engineering, scaling down the wire degrades both the 

bandwidth and the latency [5,6]. 



One more thing to note is that since the scaling down the feature sizes increases 

the number of wires and the capacitance per unit length of a wire is constant, the total 

capacitance and power consumption of the wire network also increase. As a result, 

conventional metal interconnect schemes are problematic in terms of latency, bandwidth, 

and power in the future silicon chips.  

While optical interconnects avoid the resistive loss and capacitive physics of 

metal wires, and thus can help to meet latency and bandwidth requirements, the energy 

per bit of optical interconnects is high compared to that of their metal counterparts except 

for long wires [7]. While some modulator schemes promise to satisfy power requirements 

for on-chip interconnects [8,9], lasers and receiver circuits still have technological 

problems [10].  

The receiver circuit, which commonly consists of a trans-impedance amplifier 

stage, that consumes most of the power, followed by several buffer/amplifier stages, 

converts current signals generated by a photodetector to voltage signals that can be 

accepted by CMOS logic stages. To minimize the power consumption at the trans-

impedance amplifier stage, we need to minimize the output capacitance of the 

photodetector [11]. However, the output capacitance of the photodetector is still too high, 

so that the power consumption of the receiver circuit exceeds the power requirement of 

optical interconnects [10]. 

A ‘Receiver-less’ optical receiver circuit (Fig.1-2), which includes a pair of 

complementary phototransistors, has been proposed to eliminate the power-inefficient 

trans-impedance amplifier stage [12]. However, the receiver-less scheme needs a 



phototransistor that is complementary to a photodetector, i.e., the incident light decreases 

the output current, but such a device has heretofore not been demonstrated. 

 

Fig.1-2 A conventional optical interconnects receiver circuit (above) and a ‘receiver-less’ receiver circuit 

(bottom) 

This work began with creating a novel phototransistor complementary to a 

photodiode. The idea is based on previous work [13,14] that demonstrated optoelectronic 

devices, which use the carriers to change the band bending in the device, and thereby 

modulate the output current.  



Chapter 2 includes a description of the operation mechanism in detail, a 

quantitative formulation to explain the mechanism, and simulation results of a simple 

phototransistor based on the mechanism. The quantitative formulation reveals that the 

output signal of phototransistors depends on the flux, not the power, of incident light. The 

formulation also shows that the incident light changes the output current by modulating 

the gate voltage.  

Chapter 3 introduces the upside-down phototransistor I designed, which is the 

first reported device that is complementary to a photodetector. The demonstration of the 

upside-down device proves that the mechanism explained in chapter 2 is operational. 

However, in practice this proof-of-concept device would have a number of problems, 

such as poor MOSFET characteristics, low efficiency, and the inability to operate with 

optical communication wavelength light. 

Chapter 4 introduces the stacked-gate phototransistor, which I designed to solve 

some of the problems associated with the upside-down phototransistor. The stacked-gate 

phototransistor shows good MOSFET characteristics and the ability to operate with 

optical communication wavelength light. However, the efficiency of the device is too low 

for it to be useful in practice.  

Finally, chapter 5 describes the depletion-mode MOSFET based phototransistor. 

This phototransistor demonstrated a number of advantages including very high efficiency 

(>100A/W), scalability, and CMOS compatibility. Simulation shows that this device can 

be scaled down to have a small output capacitance. Such advantages suggest that this 

device can be used in not only optical interconnect applications but also image 

applications. 
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2. OPERATION MECHANISM AND THE SIMULATION OF THE 

PHOTOTRANSISTOR 

2.1 INTRODUCTION 

Metal–semiconductor–metal (MSM) photodiodes are widely used as the 

photodetectors in the optical receiver circuits of optical interconnects. In the MSM 

photodiode, electron-hole pairs are generated by incoming photons absorbed in the 

semiconductor region. These generated electron-hole pairs are directly collected by 

electrodes, and subsequently generate the output current. With this mechanism, the 

number of carriers increases as the incident light does. However, to realize a device 

complimentary to the photodetector, the number of carriers must decreases as the incident 

light. There are many examples of the photodetector but none of the device 

complimentary to a photodetector.  To realize a device complimentary to the 

photodetector we need an entirely different structure and mechanism. 

Rather than collecting excessive electron-hole pairs directly, it is possible to 

modulate the band bending inside the structure. A couple of previous studies [1,2] have 

showed that it is possible to use the generated electron-hole pairs from light to modulate 

output current. However, the demonstrated devices operated as a photodetector, with a 

responsivity lower than conventional MSM photodiodes. Thus, in this study, I have 

focused on the design and fabrication of the device complimentary to a photodetector 

with this mechanism. 

 

 



2.2 DEVICE STRUCTURE 

Fig. 2-1 shows the proposed schematic of the phototransistor. The device is based 

on an n-type depletion mode MOSFET with a Si body, but the gate is made of p-type 

germanium. The channel region has a higher doping density than the gate region, which 

leads to initial band bending across the gate dielectric at the only gate region. The basic 

idea behind this device structure is that the incident light is only absorbed in the gate, but 

not in the substrate or any other region. So, the restriction this idea imposes is that the 

bandgap of the gate material is smaller than the bandgap of the silicon body.  

 

Fig.2-1 Schematic of the phototransistor 

Among the possible materials, germanium is chosen as the gate material for 

several practical reasons. First, unlike silicon with its larger bandgap, the bandgap of 

germanium is small enough to absorb the optical communication wavelength light 



(1320nm~1550nm). Because I aimed for this device to be used in the receiver circuits in 

optical interconnects, this characteristic is very desirable [3]. Second, germanium is a 

group IV material, and compatible with silicon fabrication technology [4]. This 

characteristic makes germanium an ideal candidate for the gate material. Lastly, there is a 

requirement on gate doping density. As I discuss in the section 2.5, the gate material 

should be doped to a moderate p-type, which is relatively easy to achieve with 

germanium [5].  

Using an n-type channel and a p-type gate is due to a practical reason, though it is 

entirely possible to operate the device with a p-type channel and an n-type gate. The 

current in a depletion mode MOSFET flows through the carriers in the channel’s bulk 

region rather than the carriers in the inversion layer [6,7]. As I discuss in the section 2.5, 

the responsivity of the device is higher with a higher doped gate, which requires even 

higher channel doping density. However, at the same time, the channel needs to be thin 

enough to be fully depleted when the device is turned off. These characteristics lead to a 

highly doped, very thin channel. Arsenic is a good candidate to meet the requirement, 

because it has very small diffusivity [8]. In sum, an n-type channel and a p-type gate 

configuration is easier to fabricate than vice versa. 

In the designing a depletion mode device, it is important to roughly estimate the 

allowed depth of the channel junction, W, per channel doping density from equation 2.1. 

𝑊 = !!!
!!!

(2𝜙!)
!/!

       (Eq.2-1) 

where 𝜀!, 𝜙!, 𝑁!, and q are the permittivity of the silicon, flat band voltage, doping 

density of the channel in silicon, and elementary charge, respectively. 



Roughly speaking, the channel junction depth should be around 10nm when the 

doping density is 1019cm-3. Because this equation assumes that the doping density in the 

channel is constant, it tends to underestimate the channel junction depth limit. However, 

the number it provides is a good starting point in the device design. 

Another consideration is the practical limitations on ion implantation imposed by 

implantation service companies. For 4-inch wafers used in SNL fabrication facility, the 

lower bound of dose is usually 1013cm-3, while that of the energy is 10keV. It is possible 

to circumvent these limitations by depositing an exact thickness of sacrificial oxide layer 

beforehand. 

2.3 MECHANISM OF OPERATION 

2.3.1 QUASI-FERMI LEVEL MODEL 

Band diagrams are helpful tools to understand the physics. Fig. 2-2 is the band 

diagram in horizontal direction while Fig. 2-3 is in vertical direction. Fig. 2-3 shows that 

band bending initially occurs only in the gate region, because the doping density of the 

channel is higher than that of the gate. Fig. 2-2 shows that, the channel between source 

and drain is intact, because there is no depletion region in the channel. This intact channel 

results in a high level of current flow from source to drain. In other words, the device is 

in the on-state initially. 



 

Fig.2-2 Band diagram of horizontal direction of the phototransistor 

  

Fig.2-3 Band diagram of vertical direction of the phototransistor 

Initially, the depletion region occurs only at the gate, and the channel remains 

intact. One thing to note is that at the gate/oxide interface, there is an inversion layer (Fig. 

2-4a). If we shine the light with the wavelength, which can be absorbed only at the gate, 

the electron-hole pair generations take place only in the gate (Fig. 2-4b). These excessive 

electron-hole pairs split the quasi-Fermi level (Fig. 2-4c). In the low-level injection 

regime, where the number of generated excess carriers is large compared to that of the 

minority carriers but small compared to that of the majority carriers, only the quasi-Fermi 



level of the minority carriers shifts. In this device, only quasi-Fermi level of the electron 

splits from the original Fermi level, because the minority carriers are electrons. This 

quasi-Fermi level split reduces band bending at the interface between the gate and the 

dielectric. One thing to note is that, there is an inversion layer at the gate/oxide interface, 

so the energy difference between the electrons’ quasi-Fermi level and the conduction 

band is almost constant as shown in Fig. 2-4d. At the same time, the voltage drop 

between the gate and the substrate/channel needs to be maintained. As a result, reduced 

band bending in the gate results in an upward shift of the oxide band (Fig. 2-4e). To 

accommodate these series of band bending changes, the channel’s band needs to shift 

upward as well (Fig. 2-4f). This band shift results in a depletion region at the channel. 

This depletion decreases the number of electron carriers in the channel, and reduces the 

current between the source and the drain. In summary, by shining the light on the device, 

I turn off the device.  

 

Fig.2-4 Progression of band diagram changes upon illumination (Continue in next page) 

 



 

 

Fig.2-4 Progression of band diagram changes upon illumination (Continued) 

2.3.2 EXCESS CARRIER MOVEMENT MODEL 

It is possible to explain the gate band bending reduction by tracing movement of 

excess carriers. This methodology is more intuitive, but less suitable to the quantitative 

analysis described in the section 2.4. We start with the device without the incident light, 

or in an on-state. The diffusion current and the drift current cancel each other, at the 

depletion region in the gate. In other words, the device is in an equilibrium state as shown 



in Fig. 2 -4a. As the light is incident on the device, the excess carriers are generated in the 

gate region (Fig. 2-4b).  

The drift current is expressed as 

𝐽!"#$% = 𝑞𝜇𝑁Ε        (Eq. 2-2) 

where q, 𝜇, N, and E are the elementary charge, mobility, the total number of carrier, and 

the electric field, respectively. The diffusion current is expressed as 

𝐽!"##$%"&' = 𝑞𝐷∇𝑁       (Eq. 2-3) 

where D is diffusion coefficient. Equation 2-2 shows that the drift current is proportional 

to the number of carriers, while equation 2-3 shows that the diffusion current is 

proportional to the gradient of the number of carriers. In this device, the excess carriers 

are generated at the same rate in the entire gate region, because the gate thickness is small 

compared to the absorption depth. As a result, the drift current increases while the 

diffusion current remains the same. This mismatch between the drift current and the 

diffusion current leads to a net current flowing from the gate/oxide interface to the bulk 

of the gate (Fig. 2-4c). Such the net current charges the gate/oxide interface with the 

generated electrons, while it sweeps the holes to the gate electrode. As a result, the band 

bending reduces at the depletion region in the gate (Fig. 2-4d).  

2.4 QUANTITATIVE FORMULATION OF THE DEVICE’S OPERATION 

It is possible to formulate a quantitative relationship between the incident light 

intensity and the effective gate voltage shift. The absorption coefficient of the 1550nm 

wavelength light in germanium (α = ~1x104 cm-1) [9] is small enough to assume that the 



generation rate in the gate is constant with respect to the depth. We can approximate the 

generation rate G in the germanium gate as 

G = αI         (Eq. 2-4) 

where I is the photon flux of the incident light. Also, if there is only Shockley-Reed-Hall 

(SRH) recombination, then the recombination rate R is 

R = N!/τ        (Eq. 2-5) 

where N! and τ are the excess carrier density and the carrier lifetime, respectively. In the 

steady state, the generation rate needs to be equal to the recombination rate. Thus, the 

excess carrier density is expressed as 

N! = ατI        (Eq. 2-6) 

The device operates under the low-level injection regime in which the density of 

the excess carrier is small compared to that of the majority carrier (hole), but larger than 

that of the minority carrier (electron). Under this regime, the quasi-Fermi level splitting at 

the gate shifts that of the minority carriers only. Quantitatively, the difference between 

the electron’s quasi-Fermi level (E!") and the original Fermi level (E!) is 

E!" − E! =
!"
!
log!

!!!!
!

≈ !"
!
log!

!"!
!

    (Eq.2-7) 

where n is the initial density of electrons, which decreases if the doping density increases. 

At the gate/oxide interface, the energy difference between the quasi-Fermi level of the 

electron and the conduction band needs to be maintained. As a result, the quasi-Fermi 

level of the electron shifts the same amount as the voltage at the gate/interface does.  

∆V! ≈ E!" − E! =
!"
!
log!

!"!
!

= !"
!
log! I + log!

!"
!

   (Eq.2-8) 



Using this equation, we can relate the intensity of the light and the gate voltage 

shift, as follows: 

!∆!!
!!"#!(!)

≈ !"
!

        (Eq.2-9) 

In sum, there is ~60mV of gate voltage shift for every decade of increase in the 

intensity of the light at room temperature. This relationship between the gate voltage shift 

and the intensity of the light is an important characteristic of the phototransistor, and a 

useful tool by which to check whether an optoelectronic device operates as a 

phototransistor. 

2.5 SIMULATION OF THE DEVICE 

2.5.1 SETUP 

While it is possible to simulate the device with a commercial device simulator 

such as SentaurusTM, doing so creates several problems.  

First of all, the gate is polycrystalline germanium, and it is almost impossible to 

figure out all the properties of polycrystalline germanium that SentaurusTM needs for the 

simulation. [10] Thus, I used single crystalline germanium as the gate instead, which 

results in over-estimation of the performance of the simulated device. This is because 

single crystalline germanium has a longer carrier lifetime and a smaller surface 

recombination speed, which increase the number of excess carriers.  

The second problem with SentaurusTM is that its optical module only considers 

light as a ray, but given the small dimensions of the device, diffraction and modes of light 

inevitably appear. The diffraction and modes affect both the total number of excess 



carriers generated and the distribution of the excess carrier density. The simulation 

indicates that the diffusion rate of the carrier is high enough to spread the number of the 

excess carriers evenly throughout the gate, so the distribution of the excess carrier density 

does not affect the device operation. However, the change in the total number of excess 

carriers because of the diffraction and modes affects the operation significantly. 

In sum, it is only practical to consider the light intensity from the simulation as an 

arbitrary unit, rather than as an exact value. 

2.5.2 SIMULATION RESULTS 

Figure 2-5 and 2-6 show simulated Id-Vg results for different light intensities. The 

gate is doped to 1017cm-3 and 5nm-thick channel is doped to 5x1019 cm-3. The gate length 

is assumed to be 5µm and the light is assumed to be an 1320nm wavelength, 3µm 

diameter Gaussian beam. The substrate and source voltage are set to ground while the 

drain is set to 1V.  As expected from the band diagrams, the drain current decreases as 

the incident light increases.  Furthermore, each curve is identical in shape but different in 

x-axis displacement, which strongly suggests that there are gate voltage shifts between 

these curves. It is possible to calculate the gate voltage shift from this Id-Vg graph. 



 

Fig.2-5 Simulated Id-Vg results in a linear scale

 

Fig.2-6 Simulated Id-Vg results in a semilog scale 

Figure 2-7 plots the light intensities against the gate voltage shifts from the Id-Vg 

graphs for different gate doping densities. The equation 2-7 and the band diagram in the 

-3 -2.5 -2 -1.5 -1
0

0.2

0.4

0.6

0.8

1
x 10-5

Gate voltage (V)

D
ra

in
 c

ur
re

nt
 (A

/µ
m

)

 

 
Dark
101 arb.unit
103 arb.unit
105 arb.unit
107 arb.unit

-3 -2.5 -2 -1.5 -1

10-14

10-12

10-10

10-8

10-6

Gate voltage (V)

D
ra

in
 c

ur
re

nt
 (A

/µ
m

)

 

 

Dark
101 arb.unit
103 arb.unit
105 arb.unit
107 arb.unit



section 2-3 show that a device with a higher gate doping density is expected to have 

higher responsivity as long as its doping density is lower than the channel’s. The 

simulation results accord with those in the preceding section, that a device with a higher 

doping density has a higher responsivity. However, if the gate’s doping density exceeds 

the channel’s (5x1019cm-3), the device’s performance degrades, as shown in the case of a 

gate doped to 1020cm-3. This is because there is no more initial band bending in the gate 

region if the doping density of the gate is higher than that of the channel. 

 

Fig.2-7 Light intensity vs. gate voltage shift for different gate doping densities 

Figure 2-8 shows simulated the light intensity–gate voltage shift plots for 

different carrier lifetimes. Equation 2-3 shows that the amount of the gate voltage shift is 

proportional to the product of the carrier lifetime and the light intensity. In other words, if 

the carrier lifetime of a device changes to 1/10, a 10 times higher light intensity is 
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required to achieve the same amount of the gate voltage shift. Figure 2-7 shows that each 

plot is identical in shape but differing only in the x-axis displacement, which is consistent 

with the result from equation 2-3.  

 

Fig.2-8 Light intensity vs. gate voltage shift for different minority carrier lifetimes 

It is possible to have a recombination mechanism other than the Shockley-Reed-

Hall (SRH) recombination, namely, the surface recombination. One of the differences 

between the SRH recombination and the surface recombination is that the rate of the 

surface recombination is little affected by the density of excess carriers while that of the 

SRH recombination is proportional to the density of excess carriers. SentaurusTM models 

the surface recombination rate as [11-13] 

𝑅 = 𝑁×(𝑛 + 𝑁!)!        (Eq. 2-10) 

10-12 10-10 10-5 100 105
0

0.2

0.4

0.6

0.8

1

Light Intensity (au.)

G
at

e 
Vo

lta
ge

 S
hi

ft 
(V

)

 

 
lifetime=10ms
lifetime=1ms
lifetime=0.1ms



where n is the number of intrinsic carriers, 𝑁! is the number of excess carrires, and N and 

a are fitting parameters. In this specific simulation, we used N=1e16 cm-3, a=0.1.  

 

Fig.2-9 Effect of the surface recombination on light intensity vs. gate voltage shift plot 

Figure 2-9 shows the simulation results with and without the surface 

recombination at the sidewalls of the gate. Because the surface recombination is a weak 

function of excess carrier density, its detrimental effect on the number of excess carriers 

is more significant, when the density of excess carriers is smaller. This effect translates to 

a higher swing in the light-intensity/gate-voltage-shift plot. Equation 2-4 shows that if the 

SRH recombination is the only mechanism for the reducing the number of excess carriers, 

then 60mV/decade is the maximum swing achievable at room temperature. This 

restriction, placed by the Boltzmann distribution, resembles the restriction on 

subthreshold slope swing in MOSFET. However, the surface recombination offers a 



possibility of surmounting the 60mV/decade limitation by sacrificing a small amount of 

the gate voltage shift. 

2.6 SUMMARY 

The results of verifying the proposed device with a device simulator 

(SentaurusTM) clearly suggest that the proposed device is operational and in accordance 

with the proposed operation mechanism. 

Furthermore, the simulation results verify several design concerns regarding the 

device structure. The most challenging problem is that the germanium gate is inevitably 

polycrystalline, because there is no seed layer to grow a crystalline structure on top of the 

gate oxide. The use of polycrystalline gate results in a number of problems, such as short 

carrier lifetime, defective gate/oxide interface, and uncontrollable gate doping. Other 

design concerns, such as high doping density and shallow junction depth of the channel, 

have also been verified. 

Though I did not perform the device simulation with a polycrystalline germanium 

gate, it is possible to observe the effects of the polycrystalline gate from the simulation 

results. First, the carrier lifetime at the gate is an important factor in the device’s 

performance; thus a higher quality polycrystalline germanium with a longer carrier 

lifetime is favorable. Second, a higher gate doping density is better as long as it does not 

exceed that of the channel, although it is hard to control the doping density in 

polycrystalline germanium. Lastly, the surface recombination can be a limiting factor in 

the device’s operation, and therefore the device requires a high quality interface between 

gate and oxide. 
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3. UPSIDE-DOWN PHOTOTRANSISTOR COMPLEMENTARY TO A 

PHOTODETECTOR 

3.1 INTRODUCTION 

Although the germanium-gate structure introduced in chapter 2 operates in a 

simulator, there is a significant practical flaw in the structure. Because the germanium 

gate is grown on top of the very thin gate dielectric, it is inevitably polycrystalline. As 

discussed in section 2.5, in order to have a high responsivity, the gate needs to have a 

long carrier lifetime, a moderate doping density, and a minimally defective gate/oxide 

interface. However, polycrystalline germanium cannot meet any of these criteria. As a 

result, the device’s response to incident light cannot be detected with the maximum light 

intensity available in our measurement setup. 

Firstly, polycrystalline germanium is expected to have a very short carrier lifetime 

[1,2]. As shown in figure 2-5, a shorter carrier lifetime degrades the device’s responsivity. 

It is possible that the device’s response cannot be detected under the maximum light 

intensity from the measurement setup, which is around a few milliwatts. 

Secondly, the gate doping needs to be controlled to a moderate level – as high as 

possible but lower than the channel. However, it is challenging to control the doping 

density in polycrystalline germanium, because the defects and grain boundaries in the 

polycrystalline structure can be electrically active and act similarly to dopants [3]. 

Lastly, the interface between the oxide and polycrystalline germanium is highly 

defective, so that there is a substantial amount of the surface recombination at the 

interface, which also degrades the responsivity [4]. 



Because of aforementioned problems with the polycrystalline germanium gate, 

the device fabricated following the structure proposed in chapter 2 shows no response to 

the incident light. 

It is possible that the failed demonstration may be due to the defective operation 

mechanism, rather than the poor quality gate material. The device has a novel operation 

mechanism, which has not been verified. For this reason, a proof-of-concept device has 

been fabricated to verify the device’s operation mechanism. 

 

Fig.3-1 Schematic of the upside-down phototransistor 

Creating a light absorber on top of the gate dielectric is the most significant 

problem in fabricating the device. To circumvent this problem, I have fabricated an 

upside-down device, in which part of the substrate functions as the gate at the bottom of 

the dielectric. The source, the channel, and the drain are on top of the gate dielectric as 

shown in figure 3-1. Polycrystalline silicon channel degrades many aspects of the 

MOSFET characteristics, such as very low on-current, poor subthreshold swing, and 



large drain/source capacitance. However, the goal of employing this upside-down device 

is to prove the relationship between the light intensity and the gate voltage shift, which is 

not affected by the degraded MOSFET characteristics. In sum, it is possible to use the 

upside-down device as a proof-of-concept device. 

One thing to note is that the device’s substrate is silicon, not germanium. This is 

because the process difficulty associated with depositing a silicon layer on top of a 

germanium substrate. Thus, this device operates with a near-infrared wavelength light 

and the incident light is absorbed in both the gate and the substrate. 

3.2 DESIGN AND FABRICATION OF THE UPSIDE-DOWN DEVICE 

Using the substrate as a gate eliminates the problem with the polycrystalline gate 

but introduces new problems with the polycrystalline channel. The most significant 

problem is that the output current is very small because of the polycrystalline channel. 

The output current without the incident light can be roughly estimated as 

𝐼 = 𝜇𝐸𝑥𝑁        (Eq. 3-1) 

where 𝜇, E, x, and N are the carrier mobility in the channel, the electric field, the 

thickness of the channel, and the carrier density, respectively.  

In single crystal silicon, the mobility decreases with higher doping density. 

However, higher doping density in the channel increases the mobility in the polysilicon 

channel [5].  At low and moderate doping density, carriers are trapped in the grain 

boundaries and are thus immobile. At higher doping density, traps in the grain boundaries 

are totally filled and extra carriers are now mobile. However, the mobility in the 

polycrystalline channel is very small compared to that in single crystalline silicon, 



especially with a low to moderate doping. Higher doping increases the mobility in the 

polysilicon, but even with very high doping, the mobility in the polysilicon is less than 

1/10 that of single-crystalline silicon. [6] 

Higher doping density also increases the number of carriers inside the channel. 

Equation 2-1 shows the relationship between the maximum thickness and the doping 

density in the channel. Higher doping density requires the thinner channel to be fully 

depleted as a result of the incident light. Quantitatively, the maximum thickness of the 

channel is proportional to the square root of the doping density [5]; as a result, the total 

number of the carriers, which is the product of the thickness of the channel (x) and the 

carrier density (N), increases as the doping density of the channel does.  

In summary, higher doping density is preferable in terms of the output current 

density, while a thinner channel increases the complexity of the fabrication process. 

Simulation results and several resistivity test runs show that the channel needs to have 

~2x1019cm-3 doping density when it is ~7nm thick. Since polysilicon deposition on top of 

the oxide is very conformal and stable, so deposition itself is not a problem. The problem 

with the thin layer of the channel is that its source/drain contacts are highly resistive.  

Figure 3-2 shows the fabrication process for the upside-down device. The 7nm of 

thermal oxide is grown on top of p-type substrates with various doping densities, and a 

10nm n-type amorphous silicon is subsequently deposited in the LPCVD tube at 550°C 

(Fig.3-2a). Because of the process variation in the thickness of amorphous silicon, the 

exact thickness of the amorphous silicon is measured with an ellipsometer and the 

amorphous silicon is oxidized using oxygen radicals in a TEL system until the silicon 

thickness reaches ~7nm. The radical oxidation process is performed with 600°C chuck 



temperature (450°C wafer temperature) at 50mtorr. The radical oxidation process has a 

very small thickness variation between runs, thus it is possible to cancel out the variation 

in LPCVD by tuning the oxidation time. The wafer is subsequently annealed at 900°C for 

30 minutes, to crystallize amorphous silicon and thus form the polysilicon channel. After 

annealing, the active area is defined, and then a dry etch is performed on the polysilicon 

layer, the oxide, and ~100nm of the substrate (Fig.3-2b.). Then the structure is covered 

with a 50nm low-temperature silicon oxide (LTO) deposited in LPCVD followed by a 

dry etch to create vias to the source and the drain (Fig.3-2c.).  

 

Fig.3-2 Fabrication process of the upside-down phototransistor 



Creating a highly conductive metal source/drain contacts on the very thin n-type 

polysilicon layer turns out to be a significant challenge. Because the channel’s thickness 

must be less than the maximum depletion width in order for the channel to be fully 

depleted with incident light, the metal contact fully depletes the channel also. Thus, it is 

impossible to create a highly conductive metal contact on top of the channel without any 

additional doping.  

Diffusion doping in the phosphine environment at 900°C for 20 minutes is 

employed for the additional doping (Fig.3-2d). Then aluminum is sputtered and the 

source/drain pads are etched (Fig.3-2e). The back side is used as the gate, and it is 

covered with the aluminum by sputtering. 

3.3 MECHANISM FOR OPERATING THE UPSIDE-DOWN DEVICE 

The band diagram of the upside-down device is similar to that of the simulated 

device, but there are a couple of differences between them. First, the gate of the upside-

down device is silicon, not germanium as in the simulated device. Thus, the bandgap of 

the upside-down device is the same as that of the channel. The other difference is that the 

substrate in the simulated device is changed to an LTO layer in the upside-down device. 

Figure 3-3a shows the band diagram of the upside-down device without incident light. 

 

 

 

 

 



 

 

 

Fig.3-3 Progression of the upside-down device’s band diagram changes upon illumination 

 



The mechanism for operating the upside-down device has a minor difference from 

the simulated device. Both the channel and the gate absorb the incident light in the 

upside-down device, while only the gate does in the simulated device. If the light shines 

on the upside-down device, electron-hole pairs are generated both in the gate and the 

channel (Fig.3-3b). However, the generated electron-hole pairs inside the channel 

recombine quickly, because a thin (~10nm) layer of the polysilicon channel has a very 

short carrier lifetime. As a result, only the gate has sufficient excessive carriers to induce 

a quasi-Fermi level shift (Fig.3-3c). Afterward, the operation mechanism is similar to that 

of the simulated device. There is an upward band shift at the oxide (Fig.3-3d), after which 

bands of the channel and the LTO shift upward (Fig.3-3e). As a result, the thin channel is 

fully depleted, and the output current is cut off. The band structure at the channel with the 

incident light is identical to that with a lower gate voltage (Fig.3-3f). 

3.4 EXPERIMENTAL RESULTS 

Figure 3-4 is measured drain current-gate voltage results of 20𝜇m channel length, 

20𝜇m width upside-down device in a semi-log scale in y-axis. The substrate of the device 

is 1017cm-3 doped p-type silicon. The incident light is a laser source with 850nm 

wavelength and ~3𝜇m of focus diameter.  

The upside-down device clearly operates as a device complimentary to the 

photodetector, in other words, the drain current decreases with the incident light. In 

accord to the simulation result, the output current further decreases with more intense 

incident light. At the same time, the device has very poor MOSFET characteristics 

because of using polysilicon as the channel material, such as a large subthreshold slope 

swing (~1V/decade) and very small drain current.  



 

Fig.3-4 Measured Id-Vg results in a semilog scale 

As mentioned in the section 3.1, the gate voltage shift is unaffected by any of 

these MOSFET characteristics. As a result, the gate voltage shift from the incident light is 

clearly shown regardless of the poor MOSFET characteristics. 

A useful tool to verify if the device operates in aforementioned mechanism is to 

check the linear relationship between the logarithm of drain current and the gate voltage 

shift. Figure 3-5 shows the drain current-gate voltage plots in a linear scale. Each curve is 

identical in shape, except x-axis position; thus the gate voltage shift can be calculated 

from this plot. 
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Fig.3-5 Measured Id-Vg results in a linear scale 

 

Fig.3-6 Light intensity-Gate voltage shift plot for different gate dopings 
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Figure 3-6 shows calculated gate voltage shift from the device with the 1017cm-3 

doped p-type silicon gate and another device with a 1015cm-3 doped one. The doping 

densities in the channel in both cases are ~2x1019cm-3; this density is higher than the 

doping densities in the gates in both cases. As a result, the device with a higher gate 

doping density has better device characteristics. 

Another interesting point to note is that the plot shows a gate-voltage-shift swing 

of over 200mV/decade, which is much higher than 60mV/decade expected for the device 

with only the SRH recombination. Such a high swing shows that the dominant 

recombination mechanism of this device is the surface recombination. However, the 

oxide is thermally grown on top of the silicon gate, which results in a very high quality 

gate/oxide interface and a small surface recombination rate. [7] 

The only other surface recombination site is the etched gate sidewall passivated 

with LTO. To verify the role of the etched sidewall, the same upside-down device 

without the etched sidewall is fabricated. 

 

Fig.3-7 Upside-down devices with and without etched sidewalls. 



In section 3-2, the channel, the oxide and ~100nm of the substrate are etched 

while defining the active area. Now, instead, only the channel is etched to verify the role 

of the etched sidewall. Figure 3-7 shows two structures side by side, the left one is the 

original upside-down device while the right one is the device without etched sidewall. 

Other than the etching step, every process step is identical. 

 

Fig.3-8 Measured Id-Vg results of the upside-down device without etched sidewall 

Figure 3-8 shows measured drain current-gate voltage plots for the device without 

etched sidewall. There is very high contrast between with and without the incident light. 

However, the figure shows that each curve is not identical in shape, because the device is 

not operating using the aforementioned mechanism. In fact, the device is suffering from a 

deep depletion problem at low light intensities. Flat drain current-gate voltage curves 

with low intensities of the light are because the inversion layer carriers required at the 
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gate/oxide interface are not generated fast enough. The deep depletion effect is an 

extremely slow process; thus it is not practical to use the device in this regime. 

In the device without the etched sidewall case, the incident light needs to be 

sufficiently intense to generate enough carriers for the inversion layer to eliminate the 

deep depletion problem. However, with the etched sidewall, the device does not suffer 

from deep depletion problem at all, because the defects at the etched sidewall generate 

enough carriers to avoid the problem even without the incident light.  

3.5 SUMMARY 

The device complimentary to a photodetector is demonstrated for the first time. 

To avoid problems with the polycrystalline gate, the substrate is used as the gate and the 

channel is deposited on top of the gate oxide – an upside-down device. The device 

verified that the proposed operation mechanism is working, and there is a relationship 

between the light intensity and the gate voltage shift, as predicted in the section 2.4, a 

quantitative formulation. 

 

 

 

 

 

 

 



REFERENCE 

[1] R. K. Ahrenkiel and Steven Johnston, “Contactless measurement of recombination 

lifetime in photovoltaic materials,” Solar Energy Materials and Solar Cells, vol.55, 1-2, 

59-73 (1998) 

[2] L. B. Valdes, “Measurement of minority carrier lifetime in germanium,”, vol.40, 11, 

1420-1423 (1952) 

[3] N. H. Nickel, “Hydrogen passivation of grain boundary defects in polycrylstalline 

silicon thin films,” Appl. Phys. Lett., vol.62, 25, 3285-3287 (1993) 

[4] V. Cosnier, M. Olivier, G. Theret, and B. Andre, “HfO2-SiO2 interface in PVD 

coatings,” J. Vac. Sci. Technol., 19, 2267 (2001) 

[5] J. D. Plummer, M. D. Deal, and P. B. Griffin, “Silicon VLSI technology: 

Fundamentals, Practice and Modeling”, Prentice Hall (2000) 

[6] M. M. Manduarh, K. C. Saraswat, and T. I. Kamins, “Phosphorus doping of low 

pressure chemically vapor-deposited silicon films,” J. Electrochem. Soc., vol. 126, 1019 

(1979) 

[7] A. W. Stephens, A. G. Aberle, and M. A. Green, “Surface recombination velocity 

measurements at the silicon-silicon dioxide interface by microwave-detected 

photoconductance decay,” J. of Appl. Phy., vol.76, 1, 363-370 (1994) 

 

 

 



4. A STACKED-GATE PHOTOTRANSISTOR COMPLEMENTARY TO A 

PHOTODETECTOR 

4.1 INTRODUCTION 

While the upside-down device is useful as a proof-of-concept device, there is a 

significant problem with it. The device has a small amount of on-current and a large 

subthreshold swing, as shown in figure 3-5. The small amount of on-current leads to a 

slow switching speed at the subsequent logic stage, and the large subthreshold swing 

leads to a small on/off ratio, which results in a small signal-to-noise ratio (SNR). 

The problem of the upside-down device is a consequence of using a polysilicon 

layer, which has a small mobility and a large trap density, as a channel.  Creating a 

channel in the single crystalline silicon substrate solves the problem, but at the same time, 

the recombination rate of the gate needs to be small. The gate and the channel need to be 

separated by a dielectric layer, so at least one of them should be polycrystalline; thus, we 

need to have a polycrystalline gate with a small recombination rate. 

Chapter 2 investigates the effect of the SRH recombination and the surface 

recombination; it is important to distinguish which recombination mechanism is 

dominant. Figure 4-1 and figure 4-2 are based on figures 2-7 and 3-6, respectively, with 

60mV/decade-slope lines drawn from the points where the slopes of the plots change. 

Figure 4-1 shows the simulation results of the germanium-gate device with and without 

the surface recombination. If there is a significant amount of surface recombination, the 

slope of the plot and the minimum light intensity required for the response to appear will 

increase. If we take the point where the slope changes (X), draw a line with 60mV/decade, 



and calculate the crossing point on the x-axis, we can approximate the minimum intensity 

of light required for responses to appear if there is only SRH recombination.  

 

Fig.4-1 Figure 2-7 with a 60mV/decade line from the point where slope of the curve changes (X) 

 

Fig.4-2 Figure 3-6 with a 60mV/decade line from the point where slope of the curve changes (X) 
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Figure 4-2 plots the incident light intensity against the gate voltage shift of the 

upside-down device. Since the slope of the plot is much higher than 60mV/decade, the 

effect of surface recombination is significant in this device. The technique described in 

the preceding paragraph can be used to approximate the minimum intensity of light 

required for the response to appear. A 60mV/decade line drawn from point X, where the 

slope of the curve changes, shows the minimum intensity of light if this device has only 

SRH recombination. The difference from the minimum intensity calculated from the 

60mV/decade line and that measured from the experiment is more than 10 orders of 

magnitude, which suggests that the effect of surface recombination is dominant. 

4.2 STRUCTURE AND OPERATION MECHANISM OF THE STACKED-GATE 

DEVICE 

The analysis of figure 4-1 and figure 4-2 in the preceding chapter shows that the 

reason behind the failed experiment based on the germanium-gate structure in chapter 2 

is that the rate of the surface recombination at the polycrystalline germanium/oxide 

interface is high, not because the carrier lifetime from recombination within the volume 

of the polycrystalline germanium is short. To solve the surface recombination problem, I 

changed the polycrystalline germanium gate to a polysilicon/polycrystalline-

germanium/polysilicon stacked gate. 

Figure 4-3 shows a schematic of the stacked-gate device. The difference between 

the germanium-gate device in chapter 2 and the stacked-gate device is that the gate is 

changed from a p-type polycrystalline germanium layer to a p-type 

polysilicon/polycrystalline germanium/p-type polysilicon stack. The defect density at the 



oxide/polysilicon interface is known to be very small [1]; thus it is possible to reduce the 

surface recombination rate using the stacked gate. 

 

Fig.4-3 Schematic of the stacked-gate device (Left) compared to the germanium-gate device in Ch.2 

The gate of the stacked-gate device has a silicon-germanium-silicon 

heterostructure. The resulting band diagram is depicted in figure 4-4a. The polysilicon in 

the stacked gate is p-type, while the polycrystalline germanium is undoped. However, 

undoped polycrystalline germanium is known to act as a p-type material [2]. One thing to 

note is that the polysilicon layer between the polycrystalline germanium and the oxide 

needs to be thick enough, so that the initial band bending occurs only in the polysilicon 

layer. 

The incident light with 1450nm wavelength is absorbed in the polycrystalline 

germanium layer but not in the polysilicon layer; thus the incident light generates 

electron-hole pairs, and subsequently a quasi-Fermi level split only in the germanium 

layer. Figure 4-4b shows the quasi-Fermi level split with the incident light. 



The excess carriers generated by the incident light diffuse to polysilicon layers. 

This diffusion induces a quasi-Fermi level split in the polysilicon layers, as shown in 

figure 4-4d. One thing to note is that a quasi-Fermi level can be discontinuous in a 

heterostructure [3]. 

 

Fig.4-4 Progression of the stacked-gate phototransistor’s band diagram changes upon illumination 



The operation mechanism of the stacked-gate device is similar to the germanium-

gate device from figure 4-4e. As figure 4-4e shows, the quasi-Fermi level split reduces 

band bending at the gate/oxide interface. Subsequently, the bands of the oxide and the 

channel shift upward (Fig.4-4f). 

4.3 SIMULATION ON THE STACKED-GATE DEVICE 

Figure 4-5 compares the simulated gate-voltage-shift/incident-light-intensity plots 

of the stacked-gate, the germanium-gate and the silicon-gate device. The germanium and 

silicon layers of all devices are assumed to be single crystal. Other than the structure of 

the gate, all devices have the same structure. The doping density of the gate is 1017cm-3, 

and that of the channel is 2x1019cm-3. The wavelength of incident light is assumed to be 

1450nm. However, for comparison, the gate of the silicon-gate device is assumed to 

absorb the light with the same absorption coefficient as germanium. 

 

Fig.4-5 Comparison between the stacked-gate, germanium gate, and silicon gate phototransistors 
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The simulation results show that the stacked-gate device and the silicon-gate 

device have higher responsivities than the germanium-gate device under the same 

conditions. This difference can be explained using equation 2-3, where a smaller n, the 

density of the minority carriers, yields a larger quasi-Fermi level split and a larger gate-

voltage shift. Because the silicon layer between the germanium layer and the oxide is 

thick enough, the density of the minority carriers in the equation is the same as that in the 

silicon layer. As a result, at the same gate doping, the density of the minority carriers is 

smaller in the stacked-gate device than in the germanium-gate device; thus the gate-

voltage shift is larger in the stacked-gate device. 

One thing to note is that the doping density of the germanium layer is not 

affecting the response of the stacked-gate phototransistor. In contrast, the effect of the 

increasing doping density of the polysilicon layer in the stacked-gate device is similar to 

that of the germanium gate in the germanium-gate device. This is because the polysilicon 

layer is thick enough that the depletion region only appears in the polysilicon layer. As a 

result, in the stacked-gate device, we need to control the doping density in the polysilicon 

layer, not in the polycrystalline germanium layer. 

There are three problems with the germanium-gate device, as mentioned in 

section 3-1. One of the problems had been proven in section 3.4 to be negligible, while 

the stacked-gate structure solves the others. The first problem is that the gate material 

(polycrystalline germanium) has very short carrier lifetime. However, the result of the 

upside-down device shows that short carrier lifetime inside the gate material has a 

negligible effect. The second is that there is a high rate of surface recombination at the 



polycrystalline germanium/oxide interface. The stacked gate pads the polycrystalline 

germanium with polysilicon layers, so that there are only polysilicon/oxide interfaces. 

The last problem is that it is hard to control the doping density of the polycrystalline 

germanium, although controlling it is crucial. By contrast, in the stacked-gate device, we 

need to control the doping density of a polysilicon layer rather than that of a 

polycrystalline germanium layer. 

4.4 FABRICATION OF THE STACKED-GATE DEVICE 

Figure 4-6 illustrates the fabrication process of the stacked-gate device. The active 

region is defined first, and source/drain region is defined with lithography and ion 

implanted with arsenic (Fig.4-6a). The wafer is subsequently annealed in 900C for 30min. 

Annealing re-crystallizes the source/drain region and activates the dopants in the regions. 

Afterward, the photoresist defining the source/drain region is stripped, and 7nm of 

sacrificial oxide is grown in an 800C dry ambient. Subsequently, the arsenic is again 

implanted with 10keV of energy and 1013cm-2 of dose to form the channel (Fig.4-6b). 

After the ion implantation, the sacrificial oxide is stripped, and the 7nm of gate oxide is 

thermally grown in the 800C dry ambient. Next, the gate stack is grown in the epitaxial 

chamber. A 50nm layer of polysilicon in-situ doped with phosphorus is grown at 700C, 

followed by 100nm of undoped polycrystalline germanium layer at 600C, and 100nm 

layer of polysilicon in-situ doped with phosphorus (Fig.4-6c). Then the gate region is 

defined, and dry-etched (Fig.4-6d). Afterward, the device is covered with LTO, followed 

by via and metallization (Fig.4-6e). 

 



 

Fig.4-6 Fabrication process of the stacked-gate phototransistor 

4.5 EXPERIMENTAL MEASUREMENTS OF THE STACKED-GATE DEVICE 

Drain-current/gate-voltage plots with and without the incident light are shown in 

figure 4-7 and figure 4-8. The device is 20𝜇m in length and 20𝜇m in width. A laser with 

1400nm wavelength is used as the light source for this experiment, in which the peak 

doping density in the channel was expected to be 1019cm-3. 



 

Fig.4-7 Measured Id-Vg results of the stacked-gate phototransistor in a linear scale 

 

Fig.4-8 Measured Id-Vg results of the stacked-gate phototransistor in a semilog scale 
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Both plots in a linear scale (Fig.4-7) and in a semi-log scale (Fig.4-8) show that 

the incident light decreases the drain current. Furthermore, curves with and without the 

incident light are identical in shape; thus it is possible to calculate the gate voltage shift 

from this figure.  

 

Fig.4-8 Light intensity-Gate voltage shift result of the stacked-gate phototransistor 

Figure 4-9 contains the gate-voltage-shift/incident-light-intensity plot calculated 

from figure 4-7 and figure 4-8. The light source we used for the measurement could only 

provide a narrow range of light intensities. Although the range of light intensities is 

narrow, it is clear that there is a linear relationship between the gate voltage shift and the 

intensity of the logarithm of incident light. This relationship demonstrates that the 

stacked-gate device operates by the mechanism described in section 4.3. 

101 102 103
0.08

0.09

0.1

0.11

0.12

0.13

Light intensity (µW)

G
at

e 
vo

lta
ge

 s
hi

ft 
(V

)



The slope of the plot in figure 4-9 is approximately 26mV/decade, which is 

smaller than the 60mV/decade predicted in chapter 2, which accounts only for SRH 

recombination. If the surface recombination is a dominant recombination in the gate of 

the stacked-gate device, the slope of the plot needs to be steeper. Thus, we can conclude 

that, though I’ll explain in the proceeding paragraph, in this stacked-gate device, the role 

of the surface recombination is minimal. 

One of the possible causes of this small slope is that the polysilicon layer between 

the germanium layer and the oxide is highly defective. These defects can trap the excess 

electron-hole pairs; thus the number of excess carriers required to produce the same 

quasi-Fermi level split increases because of the defects.  

4.6 SUMMARY 

The stacked-gate device complement to a photodetector demonstrates a large on-

current and a small subthreshold slope. These characteristics of the stacked-gate device 

are advantageous compared to those of the upside-down device, which has a small on-

current and a large subthreshold slope. Another advantage of this device is that it is 

possible to operate with a telecommunication wavelength light (1320nm~1550nm), 

because the stacked-gate uses germanium as a light absorber. In contrary, the upside-

down device uses silicon as a light absorber; thus it is operational only with shorter 

wavelength (near-infrared) light. 

However, there is a significant disadvantage of the stacked-gate device to the 

upside-down device. The stacked-gate device uses the gate as a light absorber; thus, the 

size of gate is bounded by the diffraction limit of the light, and the device is not scalable 



and. In contrary, the upside-down uses the substrate as a light absorber. Because the 

scaling does not reduces the size of the substrate, the upside-down device is scalable. 
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5. A DEPLETION-MODE MOSFET BASED PHOTODETECTOR 

5.1 INTRODUCTION 

In previous chapters, the upside-down device and the stacked-gate device prove 

that the mechanism discuss in chapter 2 is operational. It is possible to realize the 

receiver-less scheme, if those devices are used in conjunction with a conventional 

photodiode. 

However, both devices suffer from very low efficiency. Both the upside-down 

device and stacked-gate device showed very small on-off ratio (less than 10) and current 

change (less than 10𝜇A) under quite intense light (more than 100𝜇W). In order to benefit 

in terms of power consumption by using a receiver-less scheme, the efficiency of devices 

needs to be similar to that of a conventional photodiode [1,2]. 

The most serious problem of both upside-down and stacked-gate device is that 

both structures need two single crystalline layers separated by a thin dielectric layer. If 

the channel layer is not single crystalline, the output current is very small (as in the 

upside-down device). On the other hand, if the gate layer is not single crystalline, the 

device suffers from a small gate voltage shift (as in the stacked-gate device). 

To avoid this dilemma, I have invented a new structure that uses the substrate 

layer as a light-absorbing layer. Because of this change, the new device, a depletion-

mode MOSFET-based phototransistor, operates as a photodetector. 

 



2. DESIGN AND MECHANISM OF THE DEPLETION-MODE MOSFET-

BASED PHOTOTRANSISTOR 

Figure 5-1 is a schematic of the depletion-mode MOSFET based phototransistor. 

The device is based on an n-type depletion-mode MOSFET with a floating silicon 

substrate and an aluminum gate. The incident light is absorbed in the silicon substrate; 

thus a laser with a wavelength of 850nm was chosen for the operation. 

 

Fig.5-1 Schematic of the depletion-mode MOSFET-based phototransistor 

To understand the physics of this structure, it is important to inspect the band 

diagram changes with incident light. Figure 5-2 shows the progress of changes in the 

band diagrams across the vertical direction for the device in figure 5-1 upon illumination. 

Initially, the channel is depleted and the device is in an off-state, as depicted in figure 5-

2a. The incident light with 850nm wavelength is absorbed in the silicon channel and 

substrate; thus the incident light generates electron-hole pairs, and subsequently a quasi-



Fermi level split in both the channel and the substrate, as shown in figure 5-2b. Because 

the substrate and the channel are of the same material, the quasi-Fermi levels of both the 

electrons and the holes need to be aligned in the steady state. In this device, the p-type 

substrate is floating, while the n-type channel is connected to the n-type source/drain. As 

a result, the quasi-Fermi levels of the substrate shift downward to be aligned with those 

of the channel, as shown in figure 5-2c. Because of the quasi-Fermi level splits, the hole’s 

quasi-Fermi levels at the oxide/channel interface and the substrate have a lower energy 

than that of the valence band; thus the bands of the channel and substrate need to shift 

downward as illustrated in figure 5-2d. As a result, the incident light increases the drain 

current by reducing band bending at the channel. One thing to note is that the band of the 

channel with the incident light is analogous to that with a lower gate voltage (Fig.5-2e). 

Because the absorption is taking place at the substrate, the phototransistor is 

highly scalable. Scaling down a conventional photodetector reduces responsivity because 

of the diffraction limit of the light. In contrast, because in our device the light absorber 

(substrate) is decoupled from the active region (source, drain, channel, and gate), its gate 

voltage shift remains the same as we scale down the device. Furthermore, scaling down 

gives advantages such as a smaller output capacitance and larger transconductance due to 

a smaller size. 

 

 

 

 



 

Fig.5-2 Progression of the depletion-mode MOSFET-based phototransistor’s band diagram changes upon 

illumination 



3. FABRICATION AND MEASUREMENT OF THE PHOTOTRANSISTOR 

Figure 5-3 is a top-view SEM picture of the demonstrated device. The length of 

device is 500nm and the width is 20𝜇m. In theory, it is possible to further scale down the 

device, but our fabrication equipment limited the device dimensions. A p-type silicon 

substrate (~1015cm-3) is ion implanted first with 1014cm-2 of boron at 50keV. The source 

and the drain are then formed by an arsenic ion implantation with 2x1015cm-2 of dose at 

40keV. Subsequently, the channel is formed by an ion implantation with 2x1013cm-2 of 

arsenic at 10keV. The doping profile calculated by SentaurusTM showed that the ion 

implantations formed an n-type channel with a peak doping density of 2x1019cm-3 and a 

junction depth of 15nm. Then 7nm of SiO2 was grown thermally on top, followed by a 

deposition of 200nm thick aluminum and a dry-etching to form the gate. Low 

temperature oxide (SiO2) is deposited to passivate the surface, and subsequently a via 

etch and metallization are performed to create the source, drain, and gate contacts. 

 

Fig.5-3 Top-view SEM picture of the depletion-mode MOSFET-based phototransistor 



The output current is measured using a continuous wave 850nm-wavelength laser 

with a focus radius of ~3𝜇m. It is possible to measure response even though the 

aluminum gate partially blocked the incident light. The device is measured on an 

insulating tape to ensure that the substrate is floating. The source voltage is set to ground, 

the drain voltage is set to 1V, and the gate voltage (VG) is swept through -4V to 1V while 

measuring the drain current (ID).  

 

Fig.5-4 ID-VG curves of the depletion-mode MOSFET-based phototransistor on a linear scale 
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Fig.5-5 ID-VG curves of the depletion-mode MOSFET-based phototransistor on a semi-log scale 

Figure 5-4 and 5-5 show the ID-VG curves for various light intensities, figure 5-4 

on a linear scale and figure 5-5 on a semi-log scale. The proposed gate voltage of the 

operation is at the subthreshold region. In the off-state (when the channel is fully 

depleted), the device operates as a conventional photodiode; the increment of the output 

current is due to the direct collection on electron-hole pairs, and the responsivity is below 

0.1A/W. However, in the subthrehold region (when the channel is partially depleted), the 

shift in the channel’s bands induces an output current with responsivity several orders of 

magnitude higher than 0.7A/W, which is the theoretical limit of the conventional 

photodiode. Figure 5-6 and figure 5-7 show the responsivity and on-off ratio for various 

light intensities, respectively. This device shows a very high responsivity, over 100A/W 

at weak intensities of light in the subthreshold region.  
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Fig.5-6 Responsivity of the depletion-mode MOSFET-based phototransistor.  

 

Fig.5-7 On/off ratio of the depletion-mode MOSFET-based phototransistor.  
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A linear-scale graph shows that each curve is identical in shape and only differs in 

x-axis position. As a result, it is possible to calculate the gate voltage shift for various 

intensities of the incident light. Figure 5-8 plots the gate voltage shift against the intensity 

of the incident light. There clearly is a linear relationship between the logarithm of the 

light intensity and the gate voltage shift, as predicted in chapter 2. 

 

Fig.5-8 Incident light power-Gate voltage shift plot of the depletion-mode MOSFET-based phototransistor 

Figure 5-8 also suggests a strong possibility of detecting light with small intensity, 

even with a few orders of magnitude less than 40nW. Such a weak intensity of light is 

hard to detect with a conventional photodiode because of the large dark current 

associated with the diode structure. In contrast, using a MOSFET structure decreases the 

dark current; thus, this phototransistor is able to detect very small intensity of light. 
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Because of the small size of our device, it is impossible to measure output 

capacitance directly. However, the device is based on an n-type depletion-mode 

MOSFET in silicon, which can be simulated reliably with a commercial device simulator 

(SentaurusTM). Figure 5-9 shows the simulated output capacitance for the phototransistor, 

which is ~2fF/µm. In our demonstrated device (20µm width), the output capacitance is 

still high, but because of the scalability, this device has the potential to further decrease 

the output capacitance. 

 

Fig.5-9 Simulation results of output capacitance of the depletion-mode MOSFET-based phototransistor 

5. SUMMARY 

We have experimentally demonstrated a depletion-mode MOSFET based 

photodetector with extremely high responsivity and scalability. Using the generated 

electron-hole pairs to modulate band bending rather than collecting these pairs directly 
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leads to a high responsivity and a small noise, while collecting light at the substrate 

results in the scalability. The device has experimentally shown over 100A/W of 

responsivity and scalability to the sub-wavelength region. Furthermore, scaling down the 

device’s dimension is not only theoretically possible but also advantageous in terms of 

responsivity and capacitance.  

Our device shows possibilities of solving two of the most challenging problems 

with the power requirements of the optical interconnect: power consumption in the light 

emitter and in the receiver. Our device’s high responsivity and low noise require less 

optical power from the light emitter to achieve an acceptable signal-to-noise ratio; the 

device’s scalability opens up the possibility of a small output capacitance, which would 

thereby reduce power consumption in the receiver circuit. Furthermore, its scalability 

promises a smaller device footprint, and its CMOS compatibility eases the device’s 

integration on a silicon chip.  
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APPENDIX A: DISCUSSION ON THE SPEED OF PHOTOTRANSISTORS 

The speed of phototransistors consists of two operations: the change in the number of 

excess carriers and the redistribution of excess carriers. Both operations occur 

simultaneously during state change, and the slower operation is likely to define the speed 

of phototransistors. 

Because the change in the number of excess carriers is a slow operation in the 

order of the carrier lifetime, it is possible to assume that the speed of phototransistors 

depends on this operation, not on the redistribution of excess carriers, which is hard to 

evaluate. 

Equation A-1, which is identical to equation 2-7, shows relationship between the 

quasi-Fermi level split and the number of excess carriers.  

Δ𝑉! = E!" − E! =
!"
!
log!

!!!!
!

≃ !"
!
log! N! − !"

!
log! 𝑛    

  (Eq.A-1) 

where Δ𝑉! , EQN, Ef, k, T, q, n, and Ne are gate voltage shift, quasi-Fermi level of electron, 

Fermi level, Boltzmann constant, temperature, elementary charge, initial number of 

minority carriers, and number of excess carriers, respectively. 

If light shines on the device, then the number of excess carriers is described as, 

N!.!"(t) = N!"(1− exp  (−t/τ))       (Eq.A-2) 

where τ is carrier lifetime, and Neo is the number of excess carriers in the steady state. 

If light stops to illuminate after reaching the steady state, then the number of 

excess carrier is 



N!,!""(t) = N!!exp  (−t/τ)        (Eq.A-3) 

Combining equation A-1,A-2, and A-3 gives the gate voltage shift in the 

transition state as shown below, 

Δ𝑉!,!" 𝑡 ≃ !"
!
log! N!"(1− exp  (−t/τ))/n     (Eq.A-4) 

Δ𝑉!,!"" 𝑡 ≃ !"
!
log! N!!/𝑛 − !"

!
(t/τ)   (Eq.A-5) 

Equation A-4 shows that turning-on is a fast process. For example, with 0.1ms of 

carrier lifetime, the time it takes for the gate voltage shift to reach a value, that is 0.2V 

less than the gate voltage shift in the steady state, is about 0.02ns. 

However, equation A-5 reveals that turning-off is a very slow process; the gate 

voltage shift decreases about 25mV per carrier lifetime. In other words, it is not practical 

to rely solely on SRH recombination to decrease the number of excess carriers. 

For the upside-down device and the stacked-gate device, intentionally introducing 

the surface recombination may yield a faster turning-off. Because the surface 

recombination is a weak function of excess carrier density, its detrimental effect on the 

number of excess carriers is more significant, when the density of excess carriers is 

smaller. Thus, the gate voltage shift can decrease much faster than 25mV per carrier 

lifetime, when the gate voltage shift is small. 

In contrast, the depletion-mode MOSFET-based phototransistor does not rely 

solely on the recombination to decrease the number of excess carriers, but also on the 

electric field from the source to the drain. Because, excess carriers drift to the source and 



the drain more with higher source/drain electric field, the number of excess carriers 

decreases with higher source/drain voltage. 

 One of the possible methods to increase speed of the turning-off operation is to 

employ a high voltage pulse between source and drain, so that excess carriers are purged 

every cycle. Such method requires both circuit simulation and experiments for the 

verification. 

Another method is utilizing the 3-terminal characteristic of the phototransistor. 

One of the significant advantages of using 3-terminal phototransistors over using 2-

terminal photodiodes is that a large number of circuit configurations can be used to 

enhance the performance of phototransistor. Figure A-1 shows a circuit configuration 

operates in a simple differential mode that may increase both responsivity and speed. 

Because of phototransistors’ 3-terminal characteristic, a various circuit topologies can be 

implemented. 

 

Fig.A-1 Simple differential circuit with a phototransistor (Left PMOS) 

  



APPENDIX B: FUTURE WORK 

One of the major problems of the upside-down device and the stacked-gate device is that 

in order to achieve high responsivity, we need two high quality crystalline layers 

separated by a thin dielectric layer. It is possible to combine a spacer technique and an 

over-lateral germanium growth technique to fabricate such structure as shown in figure 

B-1. 

 

Fig.B-1 Germanium-Thin oxide-Silicon structure by spacer and over-lateral growth technique 

 Such structure is also useful to the depletion-mode MOSFET-based 

phototransistor. Because this device needs a substrate that is electrically floating but 

optically coupled with a silicon waveguide, the germanium layer (substrate) separated 

from the silicon layer (waveguide) with a thin dielectric is a suitable platform. 

 Another significant problem of the upside-down device and the stacked gate 

device is that turning-off these devices depends on the recombination rate or the carrier 

lifetime, which is extremely hard to control. Although it may be possible to increase the 

speed of these devices by reducing the carrier lifetime, to increase the speed by 



implementation of circuit configurations other than a simple complementary structure 

seems more promising. 

The depletion-mode MOSFET-based phototransistor seems far more promising 

than previous two phototransistors. It already shown a very high efficiency, and the 

structure is simple and scalable. Furthermore, its turning-off mechanism is easily assisted 

by a circuit configuration, without changing the carrier lifetime. 

 The next work for this phototransistor is to fabricate the p-type depletion-mode 

MOSFET structure on a germanium (bulk or epitaxially grown) substrate or a 

germanium-on-insulator substrate, so that it can operate with an optical communication 

wavelength light. The choice of p-type MOSFET is because the realization of p-type 

germanium MOSFET is much more advanced than n-type counterpart. 

 A SPICE model can be extracted from the measurement of this p-type germanium 

depletion-mode MOSFET, so that a various circuit topologies can be tried. Conventional 

optical receiver circuit configurations are mainly based on 2-terminal devices, so 

implementations and benefits of using 3-terminal device require detailed investigations.  


