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Abstract: The hybrid structures of graphene with semi-

conductor materials based on photogating effect have

attracted extensive interest in recent years due to the ul-

trahigh responsivity. However, the responsivity (or gain)

was increased at the expense of response time. In this pa-

per, we devise amechanismwhich can obtain an enhanced

responsivity and fast response time simultaneously by

manipulating the photogating effect (MPE). This concept is

demonstrated by using a graphene/silicon-on-insulator

(GSOI) hybrid structure. An ultrahigh responsivity of more

than 107 A/W and a fast response time of 90 µs were ob-

tained. The specific detectivity D* was measured to be

1.46 ⨯ 1013 Jones at a wavelength of 532 nm. The Silvaco

TCAD modeling was carried out to explain the manipula-

tion effect, which was further verified by the GSOI devices

with different doping levels of graphene in the experiment.

The proposed mechanism provides excellent guidance

for modulating carrier distribution and transport,

representing a new route to improve the performance of

graphene/semiconductor hybrid photodetectors.

Keywords: graphene; manipulation; photodetector;

photogating effect; silicon-on-insulator.

1 Introduction

Graphene is considered as a promising material for pho-

todetectors because of its unique properties of extremely

high carrier mobility and ultra-broadband photoresponse

[1–6]. However, the low optical absorption and short

carrier lifetime usually lead to a low photoelectric

response for monolayer graphene devices [7]. Optical

resonators [8, 9], metal gratings, and plasmonic nano-

structures can promote the interaction between graphene

and light [10–12], which improves the light responsivity to

a certain degree. But, the problem of low responsivity

cannot be thoroughly solved by such optical manipula-

tion methods. Thus, the photogating mechanism [13]

based on hybrid structures of graphene with other semi-

conductor materials, such as quantum dots [14, 15], pe-

rovskites [16], carbon nanotubes [17], and MoS2 [18], has

been shown to efficiently improve the responsivity.

However, the responsivity was increased at the expense of

response time, and the overall performance is still

restricted by the photogating effect.

Effective control of electron coupling at the hetero-

junction interface has become a critical issue to improve the

photogating effect [18–25]. One method is to introduce an

electric field at the interface to control the Schottky barrier

directly.However, slow response speedsare still causedby the

long-lived trapping of charges, which are often manifested as

hysteresis in gate-voltage sweeps [18–22], as observed in the

Graphene–silicon photodetector [23] and graphene–CQD

photodiode [24]. Therefore, it is imperative to develop a new

mechanism and method to improve the sensitivity and

response speed of photodetectors simultaneously.
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In this work, a new mechanism called manipulating

the photogating effect (MPE) is proposed, and which is

validated by using the graphene/silicon-on-insulator

(GSOI) hybrid photodetector in photoconductive mode.

By the MPE mechanism, the enhanced built-in potential of

heterojunction and carrier concentration gradient in sili-

con can be controllably manipulated to improve the

sensitivity and response speed of the device simulta-

neously. The experimental results demonstrate that a high

responsivity can be obtained without the sacrifice of

responding bandwidth for the first time, namely, it does

not slow down the photoresponse speed caused by the

long-lived trapping of charges [18, 23]. The responsivity of

the GSOI device by MPE can reach 107 A/W, which is 10

times higher than that without vertical voltage, and the

response time can be shortened from 1000 μs to 90 µs. A

detectivity (D*) of 1.46 ⨯ 1013 Jones was measured, which is

superior to the reported silicon/graphene hybrid photo-

detectors [1, 23, 25–30]. Besides, we analyzed the carrier

distribution and coupling behavior of the graphene-silicon

interface by using the Silvaco TCAD software. A model

between the manipulation law of device and vertical

voltage was established, which is consistent well with the

experimental results. These results confirm the vital role of

manipulation effects in optoelectronic conversion and

pave the way to explore novel fast and high-responsivity

photodetectors.

2 Results and discussion

The GSOI heterostructure photodetector is schematically

shown in Figure 1A. The SOI wafers with lightly doped

p-type silicon layers on top of a buried silicon oxide film

were employed. A monolayer graphene as the conducting

channel was transferred onto the top-silicon surface bywet

transfer method. Au films were deposited onto the surface

of graphene to form an Ohmic contact (see Figure S1 of

SupplementaryMaterial) using electron beamevaporation.

Both the source and drain electrodes were patterned via a

lift-off process. Subsequently, the graphene film was

patterned into strips by bilayer photolithography and dry

etching process (see details in the Methods section).

Figure 1B shows the SEM image of the GSOI device, in

which the surface morphology of graphene is extremely

smooth to ensure excellent contact with the underlying

silicon.

When light illuminates on the GSOI device, photo-

generated electron-hole pairs are generated in the top-

silicon and separated under the built-in potential at the

junction of graphene and silicon. Graphene behaves as a

fast transfer channel of photogenerated charge herein. In

MPE mechanism, when a vertical voltage is applied, the

accumulation of induced charge on the two sides of silicon

oxide will be manipulated, which will change the carrier

concentration in the top-silicon [31]. The excess electrons

or holes will inject into graphene, resulting in a change of

sheet current. The energy band diagrams of the photode-

tector under the positive and negative vertical voltage

conditions are as shown in Figure 1C and D respectively.

Because the top-silicon is extremely thin (220 nm), the

concentration and distribution gradient of carriers in top-

silicon can be readily influenced by the induced charges.

The remarkable increment of holes or electrons in top-

silicon will break the dynamic equilibrium of the hetero-

junction between the graphene and top-silicon, and greatly

alters the Fermi level of graphene. It should be noted that

the carrier concentration of graphene is about 1012 cm−2,

which is far less than the p-doped silicon (1017 cm−2). Thus,

the variation of graphene’s Fermi level is more obvious

than silicon that can be ignored [27]. By adjusting the

concentration, an increased built-in potential is formed

between graphene and top-silicon to improve the separa-

tion efficiency of photocarriers. Moreover, the concentra-

tion gradient formed by the accumulation of carriers will

speed up the diffusion of photogenerated carriers to the

heterojunction region. Therefore, both high gain and fast

photoresponse can be achieved through the manipulation

effect in GSOI heterostructure.

The effects of MPE on lightly p-doped graphene de-

vices were firstly investigated. The bipolarity of such de-

vice was exploited [32, 33], and the doping level of

graphene was obtained by measuring the transfer curves,

as plotted in Figure S2. The relationship of Ids with Vds is

shown in Figure 2A, which demonstrates that Vg has a

crucial influence on the magnitude and slope of Ids. When

Vg is negative, the Ids are relatively large. In contrast, the Ids
would become relatively small as Vg turns positive.

The GSOI photodetector was illuminated by a visible

laserwith 532 nmwavelength accompaniedwith one optical

attenuator, to obtain an adjustable input power. Figure 2B

shows the variation of Ids with Vg under different light

powers. AsVg varies from−60 to 60V, all Ids curves exhibit a

similar trend, namely, the photocurrent dramatically de-

creases from a high value to an “inflection point” around

0 V, and gradually rises afterward as Vg further increases.

Such phenomenon can be attributed to the carrier manip-

ulation in the graphene. For the lightly p-doped graphene,

the holes play a major role in the conductance of graphene

when Vg = 0 V. When a negative Vg is applied, a number of

holes accumulate in the top-silicon and inject into the

adjacent graphene, thus the Ids produces a noticeable
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increment. When Vg turns positive and is still smaller than

the voltage of the “inflection point”, the Ids declines,

because the graphene becomes doped by electrons instead

of holes. As the further increase of Vg, abundant electrons

will be injected into graphene, leading to a drastic increase

of Ids. In short, the "inflection point" corresponds to the

transition of the type of majority carrier in graphene. Note

that the “inflection point” makes a tiny shift with the

increasing of optical power, as shown in the inset of

Figure 2B. Becausemore carriers canbephotogenerated and

more electrons can be injected into graphene as the optical

power increases, therefore, a relatively smaller Vg is

required to induce the “inflection point”.

Figure 2C shows the photocurrent response under

different Vg as the laser light was chopped on and off,

which shows an excellent reproducibility. Note that there is

a dramatic enhancement when Vg changes from 0 to 60 V,

which shows the vital effect of voltage manipulation.

During the illumination, a trend that the photocurrent de-

creases with time can be observed. The rapid rise is

assigned to the photo-generated electrons swept into gra-

phene, whereas the following decreasement with slow

Figure 1: (a) Schematic view of the graphene/

silicon-on-insulator (GSOI) heterojunction

device in photoconductive mode. (b) SEM

image of the GSOI device. The monolayer

graphene strip (10× 10 µm) directly attaches

to the top-silicon, as shown in the dotted

wireframe. (c) Energy band diagrams of the

photodetector under positive vertical

voltage. (d) Energy band diagrams of the

photodetector under negative vertical

voltage. Electrons and holes are denoted by

blue and yellow circles, respectively.

Figure 2: (a) Relationship of source-drain

current (Ids) with source-drain voltage (Vds)

under different Vg in the dark state. The

inset shows the curve details ofVg= 10, 30,

and 60 V. (b) Ids as a function of the vertical

voltage under different optical powers. The

inset shows the curve details around the

“inflection point”. (c) Time-dependent

photoresponse to the periodic chopping of

the light source when Vg = 0, 30, and 60 V.

The yellow and white region corresponds

to the light-adding and non-light period,

respectively. The illumination power is

920 µw. (d) Responsivity and photocurrent

versus different optical power when

Vg = 30 V.
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speed is ascribed to the hole injection into graphene during

the diffusion process [27]. The photocurrent exhibits a

gradual enhancement when the incident power ranges

from 10−7 to 10−3W, as shown in Figure 2D. The photocurrent

can be up to 3 × 10−5 A when the intensity of light is 0.1 µW.

In comparison, the photoresponse of SOI photodetector

without graphene is shown in Figure S3, which shows that

the introduction of graphene greatly improves the opto-

electronic performance. The maximum responsivity of the

GSOI device is calculated to be 2 × 107 A/W, by using the

formula R � ΔI
Pe
� (I light − Idark) × (P ×

Sdevice
Slight

)−1

, where ΔI is

photocurrent, P is optical power, Sdevice and Slight are the areas

of active regionand spot, respectively (See details in Table S1 of

Supplementary Material). Note that this value is significantly

larger than the reported graphene-silicon hybrid photodetector

[23, 26–27], which can be ascribed to the manipulation effect

reduced by the gate voltage in the GSOI device.

In order to systematically clarify the manipulation ef-

fect in such GSOI device, the modeling using Silvaco TCAD

tools was carried out to compare with the experiment re-

sults. The basic parameters of graphene, such as bandgap,

affinity,mobility, etc. were redefined bymodifying the new

material in database, through which the doping effect of

graphene in the FET device has been fully proved [34, 35].

The modeling details are shown in Figure S4 of Supple-

mentary Material. Figure 3A shows the experimental and

modeled results about the relationship between Ids and Vg

in the dark state, which are in good agreement.

Figure 3B–D shows the distribution ofmajority carriers

(holes) in top-silicon as Vg = 0, −30 and 30 V, respectively.

When Vg = 0 V, the carrier distribution in silicon is only

affected by the built-in potential and source-drain bias, as

shown in Figure 3B. When Vg = −30 V, the induced holes

would accumulate around the interface between the silicon

dioxide and top-silicon, and the population of holes in top-

silicon is larger than the case of Vg = 0 V, as shown in

Figure 3C. Within a certain range, the distribution of holes

will become denser as the negative vertical voltage in-

creases. The non-equilibrium carriers generated in silicon

will cause the injection of holes into graphene. Moreover,

the Fermi energy level of graphene will alter more obvi-

ously than silicon [27]. The relevant energy banddiagram is

shown in the inset of Figure 3C, in which an enhanced

built-in electric field is formed with the direction towards

graphene. Under illumination, the photogenerated carriers

Figure 3: (a) Experimental (black line) and simulated (blue line) transfer characteristics in the dark state. The insets are the corresponding

schematic views of the carrier transport under the positive and negative voltages. (b)–(d) Simulated holes distribution in silicon when

Vg = 0, −30 and 30 V. Insets are the energy band diagrams.
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are separated into electrons and holes with the assistance

of the enhanced built-in potential, and subsequently the

holes will be injected into graphene, which gives rise to an

increment of the photocurrent.

When Vg = 30 V, the induced electrons would accu-

mulate around the interface of silicon dioxide and top-

silicon, and the number of holes in top-silicon exhibits an

obvious decrease comparing with the case Vg = 0 V, as

shown in Figure 3D. As the vertical voltage increases, fewer

holes (or more electrons) will distribute in top-silicon. This

process changes the dynamic equilibrium between the

heterojunction and leads to electron injection into gra-

phene. Because the holes in graphene act as the majority

carriers, the implantation of electrons into the graphene

channel would reduce the source-drain current, which is

consistent with the experimental results. With the further

increase of the vertical voltage, a large number of electrons

are injected into graphene, and the type of majority carrier

changes to electrons. The source-drain current would

exhibit an increment as the vertical voltage further in-

creases. The Fermi level changes greatly, which is also

much larger than the variation of Fermi level in silicon. An

increased built-in electric field is formed pointing to top-

silicon, which corresponds to the situation under positive

vertical voltage in Figure 2B. The relevant energy band is

shown in the inset of Figure 3D. Under illumination, elec-

trons are injected into graphene, and the source-drain

current would be greatly enhanced. More simulation re-

sults about current distribution are shown in Figure S5 of

Supplementary Material.

This phenomenon can be explained by the change of

resistance in the graphene channel [27, 36, 37].

Rmodulation � Rcontact + Rchannel � Rcontact +
L/W

(n + Δn)eμ
, (1)

EF � EF Dark + ΔΦbi � ℏVF

���������
π(n + Δn)

√
� 11.65

������������������
(n + Δn)/(1010cm−2)

√
(2)

The Rmodulation represents the total resistance of the

device, which consists of the contact resistance Rcontact and

the channel resistance Rchannel under dark conditions, as

expressed by formula (1). e is the elementary charge,W and

L are the width and length of the channel, n and μ are the

carrier concentration and carrier mobility, respectively,

and Δn is the variation of carrier concentration generated

by the voltage manipulation. The contact resistance is very

small because there is Ohmic contact between graphene

and the electrode. The resistance variation in the graphene

channel is mainly dominated by Δn. The Fermi level of

silicon nearly does not change under different gate volt-

ages, therefore the variation of Schottky barrier height,

∆Φbi, is equivalent to the shift of graphene work function

∆Φg. Eventually, the Fermi energy of graphene can be

expressed as EF � EF Dark + ΔΦbi under different vertical

voltages, as expressed by formula (2). Through the

manipulation, a higher Schottky barrier height between

graphene and top-silicon was formed, which leads to an

increased built-in electric field and therefore improve the

photocurrent [31].

Next, we discuss the effect of the MPE mechanism on

the response time. The corresponding rising and falling

times have been measured, as shown in Figure 4A, which

can be greatly improved by increasing the vertical voltage.

The rising time was reduced from 1ms to about 100 µs, and

Figure 4: (a) Response time of the GSOI

device versus the vertical voltage, error

bars of Ton and Toff represent the rising and

falling time, respectively. (b) 3 dB

bandwidth measurement results of the

GSOI device under 532 nm illumination

when Vg = 0 V and Vg = 30 V, respectively.

(c) Simulated distribution of electrons in

top-silicon when Vg = 0 V. (d) Simulation

concentration gradient formed by electrons

in top-silicon when Vg = 30 V.
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the falling time was changed from 1.74 ms to about 200 µs,

which are much faster than other reported photogating

type devices [23]. Note that our GSOI device enables

simultaneously high signal amplification and rapid

response. Figure 4B shows the 3 dB bandwidth test results

of the GSOI photodetector, in which we can find that the

bandwidth is greatly improved when Vg = 30 V in com-

parison with the case of Vg = 0 V.

The process of carrier generation and diffusion in the

heterojunction region has a great influence on the photo-

response [24]. The slow diffusion speed gives rise to a long

response time. The carrier distribution when Vg = 0 V is

shown in Figure 4C, and it can be found that there is nearly

no concentration gradient. In contrast, we simulated the

distribution of electrons in silicon when Vg = 30 V, as

shown in Figure 4D. The vertical voltage causes the accu-

mulation of induced carriers near the insulating layer and

produces a decreasing concentration gradient when mov-

ing away from the bottomof top-silicon. This concentration

gradient will generate a driving force for carrier diffusion

and makes more photogenerated carriers diffuse into the

heterojunction region, so the transport would be acceler-

ated. Besides, the shortening of the falling time can be

mainly ascribed to the enhanced concentration difference

between the graphene and top-silicon regions under the

positive voltage modulation, which leads to the accelera-

tion of the carrier recombination. More experimental and

modeling results about the response times are shown in

Figure S6 of Supplementary Material, which clearly dem-

onstrates the manipulation effect of voltage.

To further confirm the role of MPE, we have used

heavily p-doped graphene as the device channel instead of

the lightly doped ones. The corresponding transfer curve of

the device can be seen in Figure S2(b) of the Supplementary

Material, which demonstrates the graphene is heavily

doped. Also, the relationship between Ids andVg in the dark

state has been modeled to clarify the manipulation mech-

anism (see Figure S7 of the Supplementary Material). The

manipulation effect of vertical voltage on the source-drain

current under different optical power is shown in

Figure 5A. The net photocurrent can be significantly

changed under the manipulation of the vertical voltage.

Obviously, as the optical power increases, the photocur-

rent will be enhanced. Note that the variation trend of Ids is

similar to the lightly p-dopedGSOI device. The difference is

that Ids of the heavily p-doped GSOI device always keeps

declining as Vg continuously increases because the type of

the majority carriers doesn’t change. Therefore, there is no

“inflection point”. Detailly speaking, the holes concentra-

tion of such graphene is extremely high, the conversion of

majority carrier won’t occur with the increase of Vg. The

reliability of the mechanism was further verified by utiliz-

ing a moderately p-doped graphene device, as shown in

Figure S2 of the Supplementary Material.

Figure 5B shows the Ids-Time curve of the device when

Vg = 0, −30 and 30 V. It can be seen that Vg not only en-

hances the photo response greatly but also leads to a

negative net photocurrent. This effect can be attributed to

the manipulation of top-silicon, which alters the relative

position of the energy band between silicon and graphene,

Figure 5: (a) Ids as a function of Vg under

532 nm illumination light with different

optical power. Vg increases from −60 to

60 V. (b) Ids-Time curve of the device when

Vg = 0 V, −30, and 30 V. (c) Responsivity

versus light power when Vg = 30 and 0 V.

(d) Response time at different vertical

voltages.
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and ultimately changes the direction of charge transport.

Figure 5C shows the relationship of the responsivity with

light power, in which the responsivity magnitude can in-

crease by 5–10 times and reach the order of 106 A/W when

Vg = 30 V, compared with the case without vertical voltage.

The response time under differentVg is shown in Figure 5D,

which exhibits an obvious decrease when Vg becomes

positive or negative, and it can be as short as 90 µs. To

strictly compare the GSOI photodetector with other re-

ported devices, the detectivity was measured through the

noise testing platform [38], the relevant formula is

expressed as

D∗ �

���
Δf

√
⋅ A

NEP
(3)

where D∗ is specific detectivity, A is device area and NEP is

the noise equivalent power. The noise test method is

described in detail in Figure S8 of Supplementary Material.

Note that themeasured detectivity is up to 1.46 × 1013 Jones.

Alternatively, we can also directly calculate the detectivity

by formula D∗ � A1/2R

(2qId)
1/2, where Id is dark current and R is

responsivity, as reported in other literature [39, 40]. The

calculated detectivity of is up to 1 × 1014 Jones. Note that

both the measured and calculated detectivities are much

higher than other reported graphene-silicon hybrid de-

vices, as shown in Table 1.

3 Conclusion

In this paper, a mechanism based on GSOI hybrid structure

was proposed for the first time to obtain an adjustable

built-in potential between graphene and silicon, which

brings in an enhanced responsivity and fast response time.

At the same time, due to the voltage manipulation, the

concentration gradient of major carriers from the silicon to

graphene is generated, which makes the photogenerated

carriers diffuse rapidly to the depletion layer, thus the

response time can be shortened. By manipulation, the

responsivity can be increased from 105 to 107 A/W, and the

response time is decreased from about 1000–90 µs for the

GSOI device. The reliability of this manipulation mecha-

nism is verified by a series of experiments and simulations

with different doping types of graphene. The GSOI struc-

ture and manipulation mechanism in this paper pave the

way to explore novel photodetectors with intriguing

performance.

4 Methods

4.1 Device fabrication

For the photodetector fabrication, the SOI substrates were chosen, in

which the thicknesses of top-silicon and bottom-silicon are 220 and

500 µm, respectively, and the thickness of the middle oxide layer is

2 µm. The primary specification parameter of the SOI can be seen in

Section S9 of the Supplementary Material. The phosphorus doping

concentrations for both silicon layers are 1 × 1015 cm−3. To transfer gra-

phene films onto the patterned substrates, the graphene-coated Cu foil

was firstly spin-coated with polymethyl methacrylate (PMMA) and

bakedonahot plate at 150 °C for 10min. Subsequently, amixed solution

of hydrochloric acid and Hydrogen peroxide was used as an etchant, to

remove the copper films. Lastly, the PMMA films were dissolved by

using acetone after the accomplishment of the transfer process.

To make the electrodes, two kinds of photoresists, namely LOR

and S1805, were successively spin-coated onto the graphene surface.

After that, these photoresists were exposed and developed in AZ300

solution. Au film (50 nm) was sputtered onto the graphene surface by

using e-beam evaporation, and will not directly contact with the top-

silicon. Both the source and drain electrodes were obtained by dis-

solving the unexposed photoresists using the acetone solution.

To make the graphene film into strips, a second bilayer photoli-

thography process was utilized. After the development, the uncover-

ing graphene was etched by using oxygen for about 30 s. Lastly, the

GSOI devices with the graphene strips of 10 × 10 μm) were obtained by

dissolving the remaining photoresists in AZ400 solution.

4.2 Test characterization

The chip package was inserted into a socket located inside a home-

built chamber connected to a Keithley semiconductor analyzer

Table : Summary of device parameters of several typical graphene

photodetectors previously reported, and our device, including

responsivity, response speed, and normalized detectivity.

Types of devices Responsivity Response

speed

Normalized

Detectivity

Graphene–metal junc-

tion []

. mA/W  ps –

Graphene–silicon het-

erojunction [, ]

. A/W  µs . × 
 Jones

Graphene–silicon het-

erojunction in

conductor mode

[]


 A/W  µs –

Graphene–silicon in

QCR mode []



–

 A/W . ms . × 
 Jones

Graphene-dioxide sili-

con /silicon []


 A/W  ns . × 

 Jones

Graphene–silicon-on-

insulator []

. A/W  ns . × 
 Jones

Graphene-n-type sili-

con heterojunction

[]

. A/W  µs . × 
 Jones

(calculated)

Our device: Graphene/

silicon-on-insulator

(GSOI) in conductor

mode


 A/W  µs . × 

 Jones

(measured)

 × 
 Jones

(calculated)
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(SCS4200) for electrical measurements under ambient conditions.

Three probes were connected to SUM 1, SUM 2, and SUM three of SCS

4200. When measuring the manipulation curve, the source-drain bias

was applied to 1 V, and the gate voltagewas scanned from−60 to 60 V.

The vertical voltage and source-drain bias remained unchangedwhen

measuring the transient characteristics photoresponse. The response

time was measured by a 7510-oscilloscope, which can guarantee the

precise measurement of photoresponse with subtle magnitude.

4.3 Numerical simulation

The simulation model was solved by the finite element method based

on a two-dimensional system. Simulations of the structures have been

carried out by self-consistently solving the 2D electrostatic and

transport equations. In particular, we solve

{ Jn � qnμnE + qDn ∇ n

Jp � qpμpE − qDp ∇ p

∇ ⋅ ∇ψ � −
q

ε
[p − n]

Among them, Jn and Jp are the current densities of electrons and

holes, q is the single-electron charge, ε is the dielectric constant, n

and p are the concentration of free electrons and holes. μn and μp
denote the mobility of electrons and holes, Dn, and Dp represent the

diffusion coefficient of electrons and holes, respectively, andψ is the

potential. Assume that Dn, p obeys the Einstein relation, namely

Dn, p � μn, p
kBT
q
, where the thermal voltageVt �

kBT
q
, kB is the Boltzmann

constant and T is the absolute temperature, then the formula is

changed to

{ Jn � −qnμn ∇ ψ + kTμnn

Jp � −qpμp ∇ ψ − kTμpp

Because the device is in steady-state when it works stably, it can

be considered that the concentration of electrons and holes does not

change as the time varies. Thus, ∂ n/ ∂ t � 0 and ∂p/ ∂ t � 0,which can

be simplified to

⎧⎪⎪⎪⎪⎨⎪⎪⎪⎪⎩
∂n

∂t
�
1

q
∇ ⋅Jn + Un

∂p

∂t
� −

1

q
∇ ⋅Jp + Up

{ ∇ ⋅ Jn � qU

∇ ⋅ Jp � −qU

U denotes the difference between net production rate G and com-

pound rate R, thus U � G − R(n,  p). In the heavily doped devices, an

SRH compositemodelwas adopted, and the relevant formula is as follows:

RSRH �
np − n2

i

τn(n + n2
i ) + τp(p + p2

i )
Among them, τn(τp) is electron (hole) lifetime, and ni denotes the

intrinsic carrier concentration.

The intensity attenuation of monochromatic light through semi-

conductor materials can be expressed as follows:

I � I0e
−αy

where I0 is the intensity of the incident light, and α is the absorption

coefficient of the material. Generally, the absorption coefficient has a

relationship with the wavelength. Given the relationship between

photon absorption and electron-hole pair generation, carrier genera-

tion rate and light attenuation in semiconductors can be judged.

Therefore, the light generation rate can be obtained as follows

GL(y,  λ) � GL0e
−αy

The GL0 in the above formula is the optical absorptivity on the

semiconductor surface. For the reciprocal 1/α of the absorptivity, it is a

dimension of length, representing the average penetration depth in

the material.

When a light source is added to Silvaco TCAD to irradiate the

semiconductor devices, the reflection and projection coefficients of

each optical path, the loss caused by absorption and other factors will

be accumulatively analyzed in the calculation. The following formulas

will be used for light generation in materials:

G � η0

Pλ

hc
αe−αy

The physical quantities represented by the parameters in the

formula are as follows: P is the intensity of the beam, which includes

all factors affecting the reflection, transmission of the beam and

attenuation due to the absorption in the propagation process; η0 is the

internal quantum efficiency, i.e. the number of electron holes pro-

duced by each incident photon; y is the relative distance of propaga-

tion in the solution process; h, c, and λ are Planck constants, light

speed, and incident light wavelength, respectively; α is the absorption

coefficient of the material.

Surface recombination is considered as a possible loss mecha-

nism at the semiconductor interface, especially for bulk hetero-

junction materials with high mobility. Contact current is the equation

of excess carrier concentration. That is to say, electron current density

Jcontn and hole current density Jcontp include extraction, injection, and

composite parts when contact:

Jcontn � −qRcont
n � −qSn(n − neq)

Jcontp � −qRcont
p � −qSp(p − peq)

The properties of the contact end depend on the surface recom-

bination rate Sn, p and the equilibrium concentration of free carriers neq
and peq, which are related to the injection barrierϕn, p of electrons and

holes. The value of this parameter is affected by the quality of both

materials and the presence of impurities.
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