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We report the experimental evidence of uncovering a photoresponse amplification mechanism in

heavily doped, partially compensated silicon p-n junctions under very low bias voltage. We show

that the observed photocurrent gain occurs at a bias that is more than an order of magnitude below

the threshold voltage for conventional impact ionization. Moreover, contrary to the case of ava-

lanche detectors and p-i-n diodes, the amplified photoresponse is enhanced rather than suppressed

with increasing temperature. These distinctive characteristics lead us to hypothesize that the inelas-

tic scattering between energetic electrons (holes) and the ionized impurities in the depletion and

charge neutral regions of the p-n junction in a cyclic manner plays a significant role in the amplifi-

cation process. Such an internal signal amplification mechanism, which occurs at much lower bias

than impact ionization and favors room temperature over cryogenic temperature, makes it promis-

ing for practical device applications. VC 2015 Author(s). All article content, except where otherwise
noted, is licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4904470]

Signal amplification is a fundamental process for all

electronic and optoelectronic systems. The underlining

physics of any signal amplification mechanisms is built upon

the complex interactions among electrons, photons, phonons,

and excitons. Improved understanding of these physical

processes has spurred the enhancement of the quality of the

obtained signals and fueled the development of new genera-

tions of electrical and photonic devices for communications,

computation, imaging, and photovoltaics.1–8

Broadly speaking, signal amplification can be divided

into two groups—an external process that uses transistor

amplifiers and an internal process that uses the intrinsic ma-

terial properties to amplify the signals. The best sensitivity

or the highest signal-to-noise ratio has usually been obtained

from the combination of the two amplification mechanisms.

While recent works on nano-injection9,10 and multiple exci-

ton generation (MEG)11,12 shed light on alternative internal

amplification mechanisms, avalanche multiplication due to

impact ionization remains to be the primary internal mecha-

nism for signal amplification in semiconductors to date.

Therefore, most of the state-of-the-art photoreceivers for tel-

ecommunications and single-photon avalanche diodes

(SPADs) for quantum communications and imaging have

adopted the impact ionization mechanism.13–20

However, impact ionization usually requires high bias

voltage, typically 30–200 V depending on the applications

and the semiconductor materials, and often suffers from high

excess noise associated with the avalanche process. Because

of the very high operation voltage, avalanche multiplication

by impact ionization is incompatible with the mainstream

complementary metal-oxide-semiconductor (CMOS) pro-

cess, and imposes serious limits on the power consumption

and the level of integration.

In this letter, we report the experimental observation of

an internal carrier multiplication process in silicon, the most

important and commonly used semiconductor material. We

found that the observed gain only occurs in heavily compen-

sated silicon p-n junctions where each side of the p-n junction

contains a significant amount of counter impurities (i.e., the

n-side has a significant amount of acceptors and the p-side

has a significant amount of donors). At a bias level more than

an order of magnitude lower than the threshold voltage for

impact ionization, we observed amplified photoexcited sig-

nals well beyond the conventional photoresponse limit that

one photon produces at most one electron-hole pair. By

investigating the device characteristics under different tem-

peratures, we further demonstrated that the photocurrent

increases with the bias voltage and with the temperature. In

contrast, conventional silicon p-n or p-i-n diodes exhibit nei-

ther the gain behavior nor the temperature dependence that is

present in our device. Such photocurrent measurements

reveal the physical origin of the observed gain mechanism

(not restricted to silicon) involving interactions among elec-

trons and holes in the extended states and localized states as

well as electron-phonon interactions.

Figures 1(a) and 1(b) show the designs and the second-

ary ion mass spectroscopy (SIMS) analysis of two silicon

p-n structures; we used to study the signal amplification

mechanism. Sample A was formed by OMCVD (organome-

tallic chemical vapor deposition) epitaxial growth, anda)ylo@ucsd.edu

0003-6951/2015/106(3)/031103/5 VC Author(s) 2015106, 031103-1
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sample B was formed by diffusing phosphorous into a heav-

ily doped p-substrate (�8 � 1018 cm�3). The effective dop-

ing levels in regions near the metallurgical junction were

intended to be as close as possible, and the major difference

between the two structures is the extent of doping compensa-

tion. For sample A (the OMCVD grown structure), the pre-

cise control of the gas flow enables minimum co-existence

of both n- and p-type impurities, thus giving rise to a p-n

junction with extremely small doping compensation.21 On

the other hand, the formation of the diffused p-n junction for

sample B has to overcompensate the background doping in

the substrate to form the n-layer, and the phosphorous diffu-

sion tail also partially compensates the p-region. As a result,

sample A serves as a model for an uncompensated p-n junc-

tion and sample B for a partially compensated p-n junction.

Figures 1(c) and 1(d) also show the profiles of effective dop-

ing and the compensation ratio near the junction for both

samples. The insets of Figures 1(c) and 1(d) confirm the

description that much wider partially compensated regions

are present for the diffused sample compared to the epitax-

ially grown sample. Both samples were then processed into

mesa isolated p-n junctions for device characterizations.

The OMCVD sample (sample A) was grown by an epi-

taxial vendor. To form the structure for sample B, phospho-

rous was introduced via proximity diffusion at 950 �C for 35 s

in a rapid thermal annealing (RTA) furnace using the phos-

phorous containing spin-on-dopant (SOD) as the dopant

source.22 The formed junction depth is around 100 nm, as con-

firmed by the SIMS profile. Individual p-n junction devices on

the OMCVD and diffused samples were formed by induc-

tively coupled plasma reactive-ion etching (ICP-RIE) with

C4F8 and SF6 gases. Each device mesa has an area of 35 lm

� 55 lm and is 350 nm deep. After the mesa etch, a thin layer

of SiO2 � 250 nm was deposited and patterned lithographi-

cally for n- and p-metal contacts. E-beam evaporated Ti/Au

was used to form the Ohmic contacts for both n- and p-layers.

Typical p-n junction current-voltage characteristics were

obtained from both samples.23 Specifically, the diffused p-n

junction device has an ideality factor of 1.98 and a leakage

current of 85 pA at 1 V reverse bias as shown in Fig. 2.

The photocurrent of both the epitaxially grown and the

diffused devices was measured under 635 nm laser light illu-

mination. The epitaxially grown p-n junction device exhibits

the photoresponse of a standard p-n or p-i-n diode, having a

nearly constant photocurrent level independent of the bias

voltage. In sharp contrast, the diffused p-n junction device

shows that the photocurrent increases significantly with the

increase of the reverse bias voltage from 0 to �4 V, signify-

ing signal amplification as shown in Fig. 3(a). Device simu-

lations have shown that for both device structures avalanche

multiplication due to impact ionization does not take place

until �20 to �25 V bias,24 whereas the experimental data

from the diffused p-n junction shows that the amplification

starts at a bias voltage as low as �2 V. Since the devices

FIG. 1. (a) SIMS profiles of phosphorous and boron in the OMCVD grown

silicon p-n junction. (b) SIMS profiles of phosphorous and boron in the dif-

fused silicon p-n junction. The insets of (a) and (b) show the conceptual

designs of the p-n junction structures, one being an “abrupt” p-n junction

and the other being “partially compensated” p-n junction. (c) Effective dop-

ing profiles (i.e., Nd-Na in n-region and Na-Nd in p-region) of the OMCVD

junction. (d) Effective doping profile of the diffused junction. The insets of

(c) and (d) present the doping concentration ratios R for the two samples,

respectively.

FIG. 2. (a) Dark I-V characteristics of the diffused p-n junction in the ab-

sence of light illumination. A typical rectifying behavior of p-n junction is

observed. The inset shows the micrograph of a fabricated p-n junction with

n- and p-contacts labeled. (b) Log scale plot of the dark I-V characteristics

of the same p-n junction. The ideality factor is 1.98.

FIG. 3. (a) Bias dependence of photoresponse to 635 nm laser light for both

diffused and OMCVD epitaxial grown Si p-n junctions at room temperature.

The OMCVD epitaxial grown sample shows the photocurrent Iph of a typi-

cal p-n junction whereas the diffused junction shows a rapidly increasing

photocurrent with the bias voltage. (b) Bias dependence of photocurrent at

various temperatures for the diffused p-n junction device with high doping

compensation. (c) Comparison of the temperature dependence of photores-

ponse between a highly compensated Si p-n junction and a conventional Si

p-i-n diode at �3 V. The photocurrent of both devices has been normalized

with respect to its individual value at 160 K. (d) Average number of e-h pairs

N generated by an energetic carrier at different temperatures obtained from

the measured data in Fig. 3(b) and the expression of gain in text.

031103-2 Zhou et al. Appl. Phys. Lett. 106, 031103 (2015)
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have shown typical I-V characteristics of a normal p-n junc-

tion in the dark condition, the observed amplification behav-

ior cannot originate from the photoconductive effect or

phototransistor behavior. Furthermore, the photoresponse

data show that this phenomenon exists only in the heavily

compensated p-n junction but is absent in regular p-n junc-

tions. Therefore, the distinctive signal amplification must be

explained by an internal carrier multiplication mechanism

that is not present in the normal p-n junctions.

To explore the phenomenon further, the bias dependence

of photoresponse under different temperatures was meas-

ured. Fig. 3(b) shows that the photocurrent of the diffused

junction increases monotonically with bias voltage over the

entire temperature range of measurements. What is particu-

larly interesting is that the photocurrent is increased with

temperature under all bias voltages. Such characteristics can

be better shown in Fig. 3(c) taking the data at �3 V as an

example. For comparison, the temperature dependence of

photoresponse of a conventional Si p-i-n diode is also

included in the figure. To remove any effects introduced by

light coupling and the experimental setup, we plot the nor-

malized photocurrent at different temperatures in Fig. 3(c) to

demonstrate the fundamentally different temperature de-

pendence of photoresponse between the compensated p-n

junction and conventional p-n junctions. For conventional Si

p-n or p-i-n diodes, the photoresponse between 500 nm and

700 nm is nearly temperature independent, as shown in Fig.

3(c). However, we have found that the photoresponse of the

heavily compensated p-n junction possessing amplification

characteristics has shown an increased photoresponse with

increasing temperature. We note that by contrast the photo-

response of an avalanche photodetector decreases with

increasing temperature, because the increasing phonon scat-

tering hinders the acceleration of carriers under the applied

electric field and results in a lower probability for impact

ionization.25,26

The experimental results indicate that we have discov-

ered an internal signal amplification mechanism in heavily

compensated silicon p-n junctions. It occurred at a much

lower voltage than impact ionization and had a gain that

increases with temperature to favor room temperature over

cryogenic operation. Based on the fact that the gain is only

present in materials with significant doping concentration

and doping compensation, we propose a cycling excitation

process (CEP) consisting of a photoexcited carrier (electron)

traversing the p-n junction to gain sufficient kinetic energy

to excite an electron-hole pair whose dissociation enables

the hole component to repeat the same process by traversing

the junction in the opposite direction. Since such scattering

and dissociation events occur with finite probabilities and the

carriers suffer energy dissipation by other causes, the cycling

process does not exhibit any perpetual motion behavior and

renders a net steady state gain.

Next, we explain in detail how the CEP happens in

response to optical excitation. Fig. 4 illustrates a pathway for

cyclical e-h generations initiated by a photon absorbed in the

p-region of the p-n junction, where the primary or the zeroth

generation of electron-hole pair (e0
p and h0

p) is created. We

label each electron and hole by e and h with superscripts

denoting generation and subscripts (p or n) indicating

location of the carrier. A symmetric case can also be made

for the excitation in the n-region. The primary hole h0
p leaves

the device via the p-contact and the primary electron e0
p

moves into the depletion region of the p-n junction gliding

over the energy slope and gains kinetic energy. The amount

of kinetic energy acquired by the electron is determined by

the built-in potential, the applied bias, and the dissipative

effect of inelastic scattering by phonons or by carriers in the

Fermi sea known as shake-up.27 For heavily doped p-n junc-

tion under low reverse bias, the width of the depletion region

(20–40 nm) is comparable to the electron mean free path

(�15 nm) at room temperature.28 Hence, the energetic elec-

tron can gain sufficient energy to excite an electron across

the energy gap from an ionized acceptor (A�) in the partially

compensated n-doped region. This excitation process, indi-

cated by the vertical arrows in the n-region, generates the

first generation of electron hole pair (e1
n and h1

n). After the ex-

citation, both the zeroth (e0
n) and first generation (e1

n) electron

leave the device via the n-contact. In the meantime, the

acceptor that just lost its electron may capture an electron

form the valence band, and this process produces the second-

ary mobile hole (h1
n), which can traverse the depletion region

and gain sufficient energy for a second excitation process to

produce the second generation of electron-hole pair (e2
p and

h2
p) in the p-side (depletion region or the p-region) of

the junction. The hole goes to the p-contact directly and the

electron will again serve as the seed for a new cycle of

excitations.

Fig. 4 also shows a density of states (DOS) graph for a

point in the n-region of the p-n junction. Given such excita-

tions happen in heavily doped and compensated materials,

the transition is believed to be mainly between the donor and

acceptor (DA) states which could be either in the extended or

local states on either side of the mobility edge of the impurity

band.29–33 Thus, the transition can produce either a bound

DA exciton or a pair of mobile electron and localized hole or

vice versa (as shown in the DOS graph in Fig. 4, 34–38 and the

resultant localized electron or hole thermalizes readily to

become mobile carrier contributing to the photocurrent. The

FIG. 4. (a) Schematic illustration of a cycling excitation process. The opti-

cally excited electron and hole, represented by the black dot and ring,

respectively, and labeled by e and h with superscript denoting generation

and subscript indicating the location (p- or n-side of the junction) of the car-

rier. The same labeling system is also applied to future generation of elec-

trons and holes. The optically excited hole in the p-region goes towards the

p-contact. The corresponding electron goes through a single cycle of two ex-

citation events as shown in the figure, and such process can go on with finite

probabilities. (b) DOS distribution with respect to the band diagram in the n-

region of the p-n junction. The red arrow indicates the excitation process of

bringing an electron across the energy gap from an ionized acceptor (A�) in

the n-region. ED and EA represent the isolated donor and acceptor energy

levels, which form the impurity bands.

031103-3 Zhou et al. Appl. Phys. Lett. 106, 031103 (2015)
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interactions between the localized electrons or holes and pho-

nons may also explain why the partially compensated p/n

junction device favors room temperature rather than cytoge-

netic operation (Figs. 3(b) and 3(c)). In impact ionization, the

carriers in the conduction and valence bands are treated as

extended waves obeying the k-selection rule (or momentum

conservation), but in the disordered heavily doped semicon-

ductors, optical transitions in the range of the indirect band

gap energy in silicon are evidence of transition between

localized waves,22,23 relaxing the k-selection rule. Even in

bulk silicon with k conservation, the computation of the

absorption spectra requires the strength of the transition ma-

trix elements provided by the atomic orbitals.39

This process requires sufficient interband transition

energy, which may be vitiated by low energy intraband dissi-

pation processes such as phonon emission and shake-up.

Thus, there exists an average number of electron-hole pairs,

denoted by Xj and Yj, respectively, generated by the j-th gen-

eration hot electron and hole through the excitation process

as illustrated in Fig. 5. For practical device structures, we

can assume hXji ¼ x and hYji ¼ y. The net gain from a prac-

tical device can be written as Gpn ¼ Ppð1þxÞþPnð1þyÞ
ðPpþPnÞð1�xyÞ based on

our analytical model (see supplementary material40), where

Pp and Pn are the percentage of light absorbed in the p- and

n-region of the device. The Monte Carlo simulations show

excellent agreements with the analytical model on the mean

value of gain and the relatively small spread of gain distribu-

tion, which is indicative of low excess noise compared to

conventional avalanche process (see supplementary

material40).

In summary, we have discovered a photocurrent amplifi-

cation mechanism in heavily doped, partially compensated

p-n junctions of silicon. We propose that the amplification is

due to a CEP initiated by optical excitation of electron and

hole which produce the back-to-back ionization processes

involving at least one localized state, by virtue of the

increase in kinetic energy of a carrier across the p-n junction.

This process connects the presence of the heavily doped do-

nor and acceptor compensation, the driving by optical excita-

tion, and the assistance by heat, to produce qualitatively the

observed bias and temperature characteristics. Such an effect

has as its mainstay the excitation of an electron (hole) from a

bound acceptor (donor) state, combined with thermal ioniza-

tion, to form mobile electron-hole pair. The process explains

the voltage-dependent gain and the temperature characteris-

tics of the device. The concept of CEP, in principle, applies

to other semiconductors such as GaAs and other compound

semiconductors where excessive amount of dopants produce

self-compensation (e.g., excessive amount of Si dopants in

GaAs may take both the donor and acceptor positions). Since

the initial carrier may be created by photoexcitation or elec-

trical injection in a properly designed structure, the signal

amplification effect can potentially be incorporated into vari-

ous kinds of devices including photodetectors and field effect

or bipolar transistors. Although more detailed investigations

are desirable to further understand the characteristics of the

process, we believe the discovery is highly significant

because of its broad potential applications for communica-

tion, imaging, sensing, and computing in which signal ampli-

fication is necessary and ubiquitous.

The authors thank Peter Asbeck and Zhaowei Liu for

helpful discussions throughout this work. The authors also

acknowledge the excellent facility and technical support for

the microfabrication provided by UCSD Nano3 staff.

1V. Klimov, A. Mikhailovsky, S. Xu, A. Malko, J. Hollingsworth, C.

Leatherdale, H. Eisler, and M. Bawendi, Science 290, 314 (2000).
2P. D. Cunningham, J. E. Boercker, E. E Foos, M. P. Lumb, A. R. Smith, J.

G. Tischler, and J. S. Melinger, Nano Lett. 11, 3476–3481 (2011).
3R. D. Schaller, V. M. Agranovich, and V. I. Klimov, Nat. Phys. 1,

189–194 (2005).
4M. C. Beard, K. P. Knutsen, P. Yu, J. M. Luther, Q. Song, W. K. Metzger,

R. J. Ellingson, and J. Nozik, Nano Lett. 7, 2506–2512 (2007).
5V. Sukhovatkin, S. Hinds, L. Brzozowski, and E. H. Sargent, Science 324,

1542 (2009).
6D. Schaller, M. A. Petruska, and V. I. Klimov, J. Phys. Chem. B 107,

13765 (2003).
7A. J. Nozik, Physica E 14, 115–120 (2002).
8S. Ghosh, K. Banerjee, Q. Duan, C. H. Grein, E. A. Plis, S. Krishna, and

M. M. Hayat, Proc. SPIE 7660, 76601W (2010).
9H. Hadfield, Nat. Photonics 3, 696–705 (2009).

10K. Foubert, G. Lasfargues, L. Mathieu, S. Benahmed, G. Vojetta, J.

Rothman, and Q. B. �a la Guillaume, Proc. SPIE 8621, 86210F (2013).
11M. T. Trinh, R. Limpens, W. D. A. M. de Boer, J. M. Schins, L. D. A.

Siebbeles, and T. Gregorkiewicz, Nat. Photonics 6, 316–321 (2012).
12C. Delerue, G. Allan, J. J. H. Pijpers, and M. Bonn, Phys. Rev. B 81,

125306 (2010).
13M. A. Itzler, X. Jiang, M. Entwistle, K. Slomkowski, A. Tosi, F. Acerbi, F.

Zappa, and S. Cova, J. Mod. Opt. 58, 174–200 (2011).
14E. Yagyu, E. Ishimura, M. Nakaji, H. Itamoto, T. Aoyagi, K. Yoshiara,

and Y. Tokuda, “Recent advances in AlInsAs avalanche photodiodes,” in

Proceedings of the 2007 Optical Fiber Communication and the National

Fiber Optic Engineers Conference OFC/NFOEC 2007 (2007).
15S. Mandai, M. W. Fishburn, Y. Maruyama, and E. Charbon, Opt. Express

20(6), 5849–5857 (2012).
16B. F. Levine, R. N. Sacks, J. Ko, M. Jazwiecki, J. A. Valdmanis, D.

Gunther, and J. H. Meier, IEEE Photonics Technol. Lett. 18, 1898–1900

(2006).
17M. A. Itzler, X. Jiang, M. Entwistle, B. M. Onat, and K. Slomkowski,

Proc. SPIE 7681, 76810V (2010).
18O. Hayden, R. Agarwal, and C. M. Lieber, Nat. Mater. 5, 352–356 (2006).
19G. Bulgarini, M. E. Reimer, M. Hocevar, E. P. A. M. Bakkers, L. P.

Kouwenhoven, and V. Zwiller, Nat. Photonics 6, 455–458 (2012).
20C. Yang, C. J. Barrelet, F. Capasso, and C. M. Lieber, Nano Lett. 6,

2929–2934 (2006).
21Y. H. Liu, Y. Zhou, and Y. H. Lo, Appl. Phys. Lett. 103, 041119 (2013).
22S. M. Sze and K. K. Ng, Physics of Semiconductor Devices (John Wiley &

Sons, 2007), Chap. 2.
23Y. Zhou, Y. H. Liu, J. Cheng, and Y. H. Lo, Nano Lett. 12, 5929–5935

(2012).
24Altas user’s Manual: Device Simulation Software (Silvaco, Inc., Santa

Clara, USA, 2013).
25“Lightwave communications technology, Part D: Photodetectors,” in

Semiconductors and Semimetals, edited by W. T. Tsang (Academic Press,

1985), Vol. 22.

FIG. 5. Block diagram illustration of the CEP. Taking the process initiated

by a photon absorbed in the p-region of the p-n junction as an example, in

which the j-th hot electron or hole can produce Xj or Yj e-h pairs in each ex-

citation event.

031103-4 Zhou et al. Appl. Phys. Lett. 106, 031103 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  128.54.23.85

On: Fri, 20 Feb 2015 17:55:44

http://dx.doi.org/10.1126/science.290.5490.314
http://dx.doi.org/10.1021/nl202014a
http://dx.doi.org/10.1038/nphys151
http://dx.doi.org/10.1021/nl071486l
http://dx.doi.org/10.1126/science.1173812
http://dx.doi.org/10.1021/jp0311660
http://dx.doi.org/10.1016/S1386-9477(02)00374-0
http://dx.doi.org/10.1117/12.858012
http://dx.doi.org/10.1038/nphoton.2009.230
http://dx.doi.org/10.1117/12.2004109
http://dx.doi.org/10.1038/nphoton.2012.36
http://dx.doi.org/10.1103/PhysRevB.81.125306
http://dx.doi.org/10.1080/09500340.2010.547262
http://dx.doi.org/10.1364/OE.20.005849
http://dx.doi.org/10.1109/LPT.2006.881684
http://dx.doi.org/10.1117/12.852705
http://dx.doi.org/10.1038/nmat1635
http://dx.doi.org/10.1038/nphoton.2012.110
http://dx.doi.org/10.1021/nl062314b
http://dx.doi.org/10.1063/1.4816430
http://dx.doi.org/10.1021/nl3033558


26Y. K. Su, C. Y. Chang, and T. S. Wu, Opt. Quantum Electron. 11,

109–117 (1979).
27R. Sooryakumar, A. Pinczuk, A. C. Gossard, D. S. Chemla, and L. J.

Sham, Phys. Rev. Lett. 58, 1150 (1987).
28J. F. Verwey, R. P. Kramer, and B. J. de Maagt, J. Appl. Phys. 46, 2612

(1975).
29D. G. Thomas, J. J. Hopfield, and W. M. Augustyniak, Phys. Rev. 140,

A202 (1965).
30N. Mott, Disordered Semiconductors (Plenum Press, 1987), pp. 3–9.
31D. S. Lee and J. G. Fossum, IEEE Trans. Electron Devices 30, 626 (1983).
32X. Blas�e, E. Bustarret, C. Chapelier, T. Klein, and C. Marcenat, Nat.

Mater. 8, 375–382 (2009).
33D. Adler, Amorphous Semiconductors (CRC Press, Cleveland OH, 1971).

34J. Singh, Electronic and Optoelectronic Properties of Semiconductor
Structures (Cambridge University Press, 2007), Chap. 8.

35F. Williams, Phys. Status Solidi 25, 493 (1968).
36J. I. Pankove, Optical Processes in Semiconductors (Dover Publications,

2010), Chap. 1.
37E. I. Rashba and M. D. Sturge, Excitons: Modern Problems in Condensed

Matter Sciences (North-Holland, Amsterdam, 1982).
38P. Y. Yu and M. Cardona, Fundamentals of Semiconductors—Physics and

Materials Properties, 2nd ed. (Springer, 1999).
39W. Hanke and L. J. Sham, Phys. Rev. Lett. 43, 387 (1979).
40See supplementary material at http://dx.doi.org/10.1063/1.4904470 for

details about the analytical analysis and Monte Carlo simulations of the

photoresponse amplification mechanism.

031103-5 Zhou et al. Appl. Phys. Lett. 106, 031103 (2015)

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP:  128.54.23.85

On: Fri, 20 Feb 2015 17:55:44

http://dx.doi.org/10.1007/BF00624389
http://dx.doi.org/10.1103/PhysRevLett.58.1150
http://dx.doi.org/10.1063/1.321938
http://dx.doi.org/10.1103/PhysRev.140.A202
http://dx.doi.org/10.1109/T-ED.1983.21181
http://dx.doi.org/10.1038/nmat2425
http://dx.doi.org/10.1038/nmat2425
http://dx.doi.org/10.1002/pssb.19680250202
http://dx.doi.org/10.1103/PhysRevLett.43.387
http://dx.doi.org/10.1063/1.4904470



