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Abstract： The development of InGaAs/InP single-photon avalanche photodiodes （SPADs） necessitates the utiliza⁃
tion of a two-element diffusion technique to achieve accurate manipulation of the multiplication width and the dis⁃
tribution of its electric field.  Regarding the issue of accurately predicting the depth of diffusion in InGaAs/InP 
SPAD， simulation analysis and device development were carried out， focusing on the dual diffusion behavior of 

zinc atoms.  A formula of Xj = k t - t0 + c to quantitatively predict the diffusion depth is obtained by fitting the 
simulated twice-diffusion depths based on a two-dimensional （2D） model.  The 2D impurity morphologies and the 
one-dimensional impurity profiles for the dual-diffused region are characterized by using scanning electron micros⁃
copy and secondary ion mass spectrometry as a function of the diffusion depth， respectively.  InGaAs/InP SPAD 
devices with different dual-diffusion conditions are also fabricated， which show breakdown behaviors are well 
consistent with the simulated results under the same junction geometries.  The dark count rate （DCR） of the de⁃
vice decreased as the multiplication width increased， as indicated by the results.  DCRs of 2×106， 1×105， 4×104， 
and 2×104 were achieved at temperatures of 300 K， 273 K， 263 K， and 253 K， respectively， with a bias voltage 
of 3 V， when the multiplication width was 1. 5 μm.  These results demonstrate an effective prediction route for ac⁃
curately controlling the dual-diffused zinc junction geometry in InP-based planar device processing.
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InGaAs/InP单光子雪崩光电二极管中锌的双扩散行为与器件性能关联性研究
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摘要：InGaAs/InP单光子雪崩二极管（SPAD）研制需要采用两次元素扩散方法，以实现对倍增层厚度以及电场

分布的精确控制。针对两次扩散深度的有效预测问题，围绕 InGaAs/InP SPAD中锌原子的两次扩散行为开展

了仿真分析和器件研制。基于二维模型拟合模拟的两次扩散深度，建立了预测扩散深度的公式 Xj =
k t - t0 + c。利用扫描电子显微镜和二次离子质谱表征器件双扩散区的二维杂质形态和一维杂质分布，制

备了不同扩散组合多种倍增层厚度的 InGaAs/InP SPAD 器件，各倍增层厚度与实测击穿电压呈现线性关系，
击穿电压与仿真结果具有良好的一致性。根据器件暗计数率（DCR）结果，提高倍增层厚度减小了器件DCR。
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在倍增层厚度为 1.5 μm 时，过偏压 3 V下温度为 300 K、273 K、263 K、253 K时，分别具有 2×106、1×105、4×104、
2×104的DCR。这些结果证明，在基于 InP的平面器件处理中精确控制双扩散锌结几何形状的有效预测路线。
关 键 词：InGaAs/InP单光子雪崩二极管；扩散深度；锌扩散；暗计数率

中图分类号：TN304            文献标识码：A

Introduction
In recent years， planar single-photon avalanche di⁃odes （SPADs）， sometimes referred to as planar Geiger-mode avalanche photodiodes （GM-APDs）， have been ex⁃tensively utilized in several disciplines， including quan⁃tum key distribution （QKD）， quantum imaging， and three-dimensional laser detection and ranging （LADAR）［1-5］.  SPADs that utilize the InGaAs/InP material system exhib⁃it exceptional sensitivity at the single-photon level within the near-infrared （NIR） range of 900-1700 nm.  Conse⁃quently， they are regarded as very promising detectors for single-photon detection within the short-wave infrared 

（SWIR） spectrum ［6-11］.  SPADs function at voltages over the threshold for avalanche breakdown， operating in Gei⁃ger mode.  The disparity between the operating voltage and the breakdown voltage in Geiger mode is denoted as the excess bias.  Dark counting rate （DCR）， photon de⁃tection efficiency （PDE）， and afterpulse probability are crucial metrics that characterize the operation of SPADs.  The width of the multiplication region has a substantial impact on PDE， DCR， and afterpulse probability ［13-17］.  Conventional InP-based SPADs that are fabricated utiliz⁃ing double diffusion techniques successfully lower the electric field at the edges of the InP p-region.  This helps to prevent premature breakdown in the multiplication ar⁃ea and enhances the likelihood of avalanche events occur⁃ring at the center of the multiplication region ［12］.  The ex⁃tent of Zn diffusion in the double diffusion process has a direct impact on the multiplication width （MW）， where⁃as shallow diffusion is essential for minimizing the elec⁃tric field at the edges.  Hence， achieving accurate manip⁃ulation of the dual diffusion behavior is crucial in the pro⁃duction of high-performance devices.The prevailing configuration of InGaAs/InP SPADs is the Separate Absorption Grading Charge Multiplication 
（SAGCM） structure， which is distinguished by the dis⁃tinct segregation of the multiplication zone and the ab⁃sorption region.  The P+ active area in the InP cap layer is created via diffusion.  The double diffusion structure is initially created with a shallow depth using the first mask， and subsequently， a deep diffusion structure is formed with a greater depth using the second mask.  The double Zn diffusion structure enhances the concentration of the intense electric field needed for avalanche break⁃down in the multiplication zone， facilitating the detection of large-scale signals and the efficient identification of photo-generated carriers.  A 2013 study conducted by Po⁃litecnico di Milano analyzed the influence of multiplier layers on the efficiency of InGaAs/InP SPAD devices ［14］.  The study demonstrated that diminishing the MW led to a decline in the breakdown voltage.  Furthermore， PDE and DCR both showed a progressive rise as the MW 

dropped.  In 2016， the University of Science and Tech⁃nology of China did an analysis on how the multiplier lay⁃er affects the performance of InGaAs/InP SPAD devic⁃es［18］.  The investigation demonstrated a robust associa⁃tion between the MW and the performance of PDE and DCR.  While numerous theoretical studies have been published on the impact of the MW ［13-18］， there is a scar⁃city of papers about the prediction of the multiplier lay⁃er's width.The diffusion process becomes increasingly intricate when the SPADs undergo two sequential diffusion stages， with deep diffusion following shallow diffusion.  As a re⁃sult， the fitting of the two diffusion depths is distinct from single-step diffusion.This paper employs numerical simulations to fore⁃cast the diffusion patterns that occur in two distinct steps.  The characterization of diffusion depth in experi⁃ments is achieved by the utilization of SEM and SIMS.  By integrating simulation and experimental data， a very accurate predictive model for profound diffusion depth has been established.  The functionality of devices with various dual diffusion architectures was examined and studied in both linear and Geiger modes.  Precise regula⁃tion of the depth of diffusion is crucial for attaining supe⁃rior performance in InGaAs/InP SPADs.
1 Device structure design 

Figure 1（a） displays the cross-sectional schematic diagram of the double diffusion InGaAs/InP SAGCM SPAD structure.  The device structure， starting from the bottom and moving upwards， comprises a substrate made of n-type InP with metallization， followed by an n-type InP buffer layer， an unintentionally-doped （uid） absorp⁃tion layer made of InGaAs， an n-type InGaAsP grading layer， a moderately doped n-type InP charge layer， and finally an uid InP cap layer that includes a multiplication layer.  The experiment involved the design of four sets of devices， each with fixed shallow diffusion times and dif⁃ferent deep diffusion times.  Fig.  1（b） displays the sche⁃matic design of the first shallow diffusion profile.  In this diagram， Xj1 denotes the distance of the shallow diffusion from the InP/SiNx surface.  The schematic diagram of the structure after double diffusion is shown in Fig.  1（a）.  In this context， Xj2 denotes the shallow diffusion distance following deep diffusion， while Xj3 indicates the deep dif⁃fusion distance.  The value of Xj4 is determined by sub⁃tracting Xj1 from Xj2 in order to precisely define the re-dif⁃fusion process.  The multiplication layer is situated un⁃derneath the deep diffusion region and functions as the major zone for impact ionization.  The cap layer thickness is subtracted from the deep diffusion distance to obtain MW.  The correlation between the depth of diffusion and 
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the width of the multiplier is clearly apparent.  In shallow diffusion， a p-type floating guard ring is added near the boundary to further reduce the strength of the electric field at the edge of the device.
2 Simulations and results 
2. 1　Study of diffusion process　
2. 1. 1　Physical model of diffusion simulation　This work utilized a Two-Dimensional Model ［19-20］ for simulating the device diffusion process.  This model implies a unidirectional link between defects and dop⁃ants， where the diffusion of dopants is greatly influenced by point defects， while the diffusion of point defects is thought to have no connection to the dopant diffusion pro⁃cess.  During this diffusion process， it is presumed that there is an excess of point defects， suggesting that the dif⁃fusion process is not in a state of thermal equilibrium.  The equation governing the continuation of dopants is as follows： ∂Cch∂t
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where CI and CV represent the actual concentrations of in⁃terstitials and vacancies， while C*
I  and C*

V represent the equilibrium concentrations.  The fx is an empirical defect 
factor.  Excess point defects will affect the dopant diffu⁃sion coefficient through a simple proportionality factor.∂CI∂t

= -∇·JI - RB + RT - R 311 ， (3)
∂CV∂t

= -∇·JV - RB ， (4)
RB represents the bulk recombination rate， RT represents trap capture or release by interstitials， and R 311  repre⁃
sents interstitial aggregation.
2. 1. 2　Diffusion process simulation results　During the simulation procedure， the initial step in⁃volved etching the bigger mask to generate a diffusion structure with a relatively shallow depth.  Afterwards， the smaller mask was etched to generate a profound diffusion structure with increased depth.  Fig.  2 below illustrates the 2D double-diffused SPAD structure used for device 

simulation.In Fig.  3， the diffusion depth is defined as the dis⁃tance at which the doping concentration is equal to the background concentration.  The deep diffusion distance Xj3， which corresponds to various deep diffusion dura⁃tions， was determined using fitting analysis， as depicted in Fig.  4.  It was observed that the fitting relationship fol⁃
lowed the formula X = k t + c.  In this context， the vari⁃able k indicates the diffusion coefficient， whereas t repre⁃sents the entire diffusion time.  Deep diffusion is distinct from typical single-step diffusion because it is rooted in shallow diffusion.  Thus， a constant c was included to cal⁃ibrate the deep diffusion process， taking into account its deviation from single-step diffusion.Upon comparing the diffusion state contours depict⁃ed in Fig.  2， it becomes evident that there is a substan⁃tial increase in the depth of the guard ring.  However， the diffusion mask of the guard ring lacks a diffusion source during the deep diffusion phase.  The increased depth of the guard ring diffusion is a result of re-diffusion caused by temperature.  After conducting an analysis of the guard ring's surface Zn concentration following both shal⁃low and deep diffusion， it was determined that the sur⁃face concentration after shallow diffusion is 1019 cm-3， whereas after deep diffusion， it is around 6×1018 cm-3.  This verifies that the increase in the depth of the guard ring is truly a result of temperature.  In addition， a sur⁃face concentration analysis was performed to examine the enhanced depth of shallow diffusion.  The trend in the change in surface concentration aligns with that of the guard ring.  Therefore， the increased depth of shallow dif⁃fusion can be attributed to temperature-induced re-diffu⁃sion. When the shallow diffusion time t1 is sufficiently short， shallow diffusion can be neglected， and instead it serves as a diffusion source for the second diffusion， with a solubility point of approximately 1018 cm-3.  Therefore， a fraction of the material （with negligible diffusion） that diffused during t1 is considered as the source of diffusion for the second diffusion.  The second diffusion depth is denoted as Xj4， and the corresponding time is t2.  The equation that accurately describes this process is x =

Fig.  1　Two-dimensional structure of double-diffused positive-illumination InGaAs/InP SAGCM：（a） structure after deep diffusion is com⁃plete； （b） structure after shallow diffusion is complete
图1　双扩散正照明 InGaAs/InP SAGCM的二维结构：（a） 深扩散完成后的结构；（b） 浅扩散完成后的结构
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k t + c.  Considering it as a solitary diffusion pro⁃cess［23］， the behavior of x can be described by the equa⁃
tion x = k t .  However， it should be noted that this for⁃mula alone does not provide complete accuracy.  Since the first diffusion serves as the diffusion source and elimi⁃nates any surface conditions， there is no need to take in⁃terface circumstances into account.  In order to offset this effect， a constant c is used to modify the formula.  Conse⁃quently， shallow diffusion may be conceptualized as con⁃sisting of two distinct diffusion processes： the initial dif⁃fusion depth can be accurately estimated using the usual 
formula x = k t， while the subsequent diffusion is a re⁃sult of temperature-induced re-diffusion， which can be anticipated using the aforementioned fitting formula.
2. 1. 3　Fitting of deep diffusion depth　The experimental portion involved the fabrication of devices with varying diffusion times using a two-step sealed ampoule zinc diffusion technique.  The experiment entailed creating four sets of devices with consistent shal⁃

low diffusion times and different deep diffusion times.  The SEM and SIMS methods were employed to character⁃ize and assess the diffusion profile and depth.The experiments rigorously adhered to the same ap⁃proach as the simulation.  Initially， the first mask created a diffusion structure that was relatively shallow.  Follow⁃ing that， a more profound diffusion structure was formed utilizing the second mask.  The shallow diffusion time was set at a constant duration of 7. 5 minutes， whereas four distinct durations were employed for deep diffusion： 15 minutes， 22 minutes， 29 minutes， and 36 minutes.  SEM and SIMS tests were performed on the manufactured devices， and the outcomes of the testing are displayed in Fig.  5.Securely affix the sample to a sample stage using conductive adhesive.  Subsequently， insert it into the scanning electron microscope （SEM） system for the pur⁃pose of conducting tests.  Modify the contrast and bright⁃ness of the image， as exemplified in the picture.  The re⁃gion exhibiting the greatest luminosity corresponds to the double diffusion area that encompasses the Zn element.  The SEM studies revealed diffusion depths of 2. 010 μm， 2. 689 μm， 3. 231 μm， and 3. 638 μm.By harnessing the heightened sensitivity of sims ions， it is feasible to accurately measure the exact depth of the Zn element in the diffused sample.  This enables the measurement of the extent of profound diffusion with⁃in the device.  The SIMS measurements resulted in diffu⁃sion depths of 1. 83 μm， 2. 46 μm， 2. 96 μm， and 3. 24 μm. The equation shown below was constructed in order to enhance the accuracy of the fitting method for simulat⁃
ing deep diffusion depth： The equation X = k t - t0 + c 
illustrates the relationship between the diffusion distance 
X， the diffusion coefficient k， the overall diffusion time 
t， and the time required for the temperature to rise dur⁃ing the diffusion process t0.  An adjustment is required due to the temperature increase period involved in the two-step sealed ampoule zinc diffusion method.  Through⁃
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Fig.  2　 The simulation of diffusion profile： （a） contour after 
shallow diffusion； （b） contour after deep diffusion
图 2　扩散剖面的模拟：（a） 浅扩散完成后的轮廓；（b） 深扩散
完成后的轮廓
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Fig.  3　Distribution of Zn impurity concentration in InP
图 3　InP中Zn杂质浓度的分布

Fig.  4　Fitting curves for Xj3 and Xj4

图 4　Xj3和XXj4的拟合曲线
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out this time frame， the diffusion coefficient exhibits vari⁃ations in accordance with temperature.  Hence， the time interval during which the diffusion coefficient remains un⁃changed should not include the heating period t0.  The constant c is utilized to modify the diffusion distance throughout the heating procedure.  The revised equation was utilized to accurately model the experimental data collected from both SEM and SIMS experiments.  The re⁃sults depicted in Fig.  6 indicate that the formula success⁃fully matches the experimental data.

2. 2　Electrical performance of InGaAs APD　
2. 2. 1　Physical model of electrical performance　In order to simulate the electrical performance of the device， we utilized carrier transport equations that are based on drift-diffusion.  The models primarily consist of mobility models， Shockley-Read-Hall （SRH） recombina⁃tion models， Auger recombination models， and impact ionization models.  In this work， the Selberherr model， which relies on temperature and electric field， was uti⁃lized for the impact ionization model.  The model pres⁃ents the expressions for the electron impact ionization co⁃

efficient αn and the hole impact ionization coefficient αp as follows.  The impact ionization parameters for the InP cap layer and InGaAs absorption layer are chosen accord⁃ing to the values presented in Table 1.  The material pa⁃rameters used for simulation were derived from the prior study ［21］.
αn = ANexp
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where E represents the electric field at a specific location in the structure， indicating the direction of current flow.

The ray tracing approach is utilized to simulate the photoelectric response of devices.  The simulation was performed by inputting data such as incident angle， wavelength， intensity， and reflection into the luminous module， enabling the calculation of light ray behavior.
2. 2. 2　Electrical performance simulation analysis　The simulation examined the correlation between breakdown voltage and MW.  Initially， the discrepancy between shallow and deep diffusion was rectified at a measurement of 1. 6 μm.  Subsequently， devices with dif⁃ferent MW were simulated to analyze the distribution of the electric field， as illustrated in Fig.  7.  The strong electric field is predominantly situated beneath the core deep diffusion InP region， as anticipated.  The shallow diffusion region has moderate electric field intensities in its surrounding locations.  The lateral electric field re⁃

Fig.  5　Diffusion depth characterization results： （a） SEM test results； （b） SIMS test results
图5　扩散深度的表征结果：（a） SEM测试结果；（b） SIMS测试结果
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图 6　基于SEM和SIMS测试数据深扩散深度拟合结果

Table 1　Selberherr model parameters for InP/InGaAs 
material

表1　InP/InGaAs材料的Selberherr模型参数
Parameter

AN2
AP2
BN2
BP2

BERAN
BETAP

Unit
×106 cm-1

×106 cm-1

×106 V/cm
×106 V/cm

-
-

InP multiplier
3. 5

1. 23
3. 5
2. 4

1
1

InGaAs absorber
3. 07
9. 47
2. 54
2. 63

1
1
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mains balanced with the gradient profile due to the inclu⁃sion of the guard ring.  However， if the MW is excessive⁃ly large， the high electric field region becomes concen⁃trated at the margins of shallow and deep diffusion， hence increasing the likelihood of experiencing edge breakdown occurrences.  Moreover， the electric field within the InGaAs absorption layer remains within the low-field regime.  After doing a thorough analysis of the two-dimensional electric fields， it is evident that the elec⁃tric field within the InP multiplication layer diminishes progressively as the MW increases.  The device with the MW of 0. 365 μm exhibits a significantly greater electric field in its core region compared to the device with the MW of 1. 359 μm， with a difference of approximately 2x105 V/cm.The devices were evaluated for their photodetector performance within the linear range.  Current-voltage （I-
V） characteristics were measured for devices with varying MW under both lit and dark conditions at a temperature of 300 K.  The results are presented in Fig.  8.  To achieve illumination， a light source emitting at a wave⁃length of 1550 nm and an intensity of 0. 1 W/cm2 was em⁃ployed.  InP exhibits no light absorption within this spe⁃cific range of wavelengths.  Hence， the production of pho⁃tocurrent signifies a reduction in the InGaAs layer.  The graph illustrates the correlation between breakdown volt⁃

age， punch-through voltage （the voltage at the device's ends when the depleted region extends to the absorption layer）， and MW.  It is evident that the breakdown volt⁃age （VBR） does not exhibit a linear relationship with MW at all intervals.  When the MW is insufficiently narrow， the depletion zone penetrates the InGaAs layer prema⁃turely.  This leads to a reduction in the partial voltage of the multiplier layer and a drop in the electric field， thus resulting in an increase in the breakdown voltage ［15］.  Nevertheless， the punch-through voltage （VP） exhibits a progressive rise as the MW increases.
2. 2. 3　 I-V characteristics of different multiplica⁃
tion width　MW were determined using the data obtained from the standard error of the mean （SEM） tests.  Figure 9 dis⁃plays a comparison between the simulated and measured dark current （IV） curves of four distinct MW.  The photo⁃detector characteristic curves derived from IV tests are displayed.  Throughout the simulation， the second diffu⁃sion depth was meticulously regulated to align precisely with the results obtained from the SEM test.  When simu⁃lating the electrical performance of devices， the focus is primarily on simulating their breakdown behavior.  How⁃ever， factors like defects and stress in the material are not considered， leading to an overly idealized simulated dark current that deviates significantly from the measured 
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Fig.  7　Variation of electric field with different MW
图 7　不同MW的电场变化

Fig.  8　Variation of breakdown voltage and punch-through voltage with different MW
图 8　不同MW击穿电压和贯穿电压的变化
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dark current.  Based on the IV test results， it can be not⁃ed that the VBR （the voltage at which a current of 10 μA is reached） of the device climbs progressively when the MW is incremented， reaching values of 48. 9 V， 59 V， 76. 2 V， and 94. 5 V， respectively.  This is because an increase in MW will result in a reduction of its electric field strength.  A linear correlation is established between MW and VBR within a specific range of multiplication width， as illustrated in Fig.  10.

2. 2. 4　Geiger-mode characteristics testing　Geiger-mode measurements were conducted using a custom-built gating measuring system.  Two devices with MW values were chosen for Geiger-mode performance evaluation， as depicted in Fig.  11.  It is evident that the DCR reduces significantly as the temperature decreases.  At a temperature of 300 K and with an excess bias volt⁃age of 3. 5 volts， the DCR is roughly 2×106 counts per second.  Nevertheless， when the sample was exposed to a temperature of 253 K， the DCR increased to 2×104 counts per second.  The decrease in dark counts is a result of the elimination of thermally produced dark counts in InGaAs and tunneling dark counts in the InP multiplication layer at lower temperatures ［22］.  It is worth mentioning that de⁃vices with thinner multiplication layers demonstrate ele⁃vated dark count rates at identical temperatures.  At the identical temperature and excess bias voltage of 3 volts， the device with the MW of 0. 8 μm exhibits a DCR that is 5×104 counts per second greater than the device with the MW of 1. 5 μm.  This phenomenon is ascribed to the in⁃tensified electric field that arises from the decrease in MW.
3 Conclusions 

The primary objective of this study was to concen⁃trate on the design of the device structure and the numeri⁃cal simulation of InGaAs/InP single-photon avalanche di⁃odes （SPADs） using both shallow and deep diffusion pro⁃

Fig.  9　Simulation and test results： （a） comparison of dark current （IV） simulated and measured curves； （b） photodetector characteris‐
tics curve from IV tests
图 9　仿真和实测结果：（a） 暗电流仿真曲线和实测曲线对比；（b） IV测试后的光电特性曲线

Fig.  10　Relationship between multiplication width （MW） and 
breakdown voltage （VBR）
图 10　击穿电压和倍增层宽度的关系
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Fig.  11　Trends in Dark Count Rate （DCR） variation with temperature and MW
图 11　暗计数率随温度和MW变化的趋势
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cesses.  Models were created to predict the depths of dif⁃fusion in both cases.  Experiments were carried out to an⁃alyze the performance of the device in both linear and Geiger modes.  The research findings suggest that the pre⁃diction model for shallow diffusion depth can be regarded as a composite of an initial diffusion and a subsequent dif⁃fusion resulting from temperature.  The formula X =
a t - t0 + c can be used to fit the predictive model for 
deep diffusion depth.  The width of the multiplication lay⁃er has a substantial impact on the electric field within the multiplication zone.  The breakdown voltage exhibits an initial fall followed by an increase as the multiplication width grows.  In addition， the study examined how the thickness of the multiplication layer and temperature af⁃fect the performance of Geiger mode.  It was noted that decreasing the temperature significantly decreases the rate at which dark counts occur， while decreasing the thickness of the multiplication layer increases the rate at which dark counts occur.  These findings are crucial ref⁃erence points for developing high-performance InP near-infrared SPAD arrays， which facilitate advanced applica⁃tions like high-speed quantum communication and high-resolution 3D laser imaging.
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