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Abstract. In this paper was presented the research results of the dependence of the InGaAs 

surface layer thickness on the process of Zn diffusion into InGaAs/InP heterostructures from a 

diethylzink source. One-dimensional distribution profiles of electrically active dopants were 

obtained by electrochemical volt-capacitive profiling. The influence of technological 

parameters (process time, temperature, and pressure in the reactor) on the hole concentration 

and the depth of the p-type dopant was studied. The principal possibility of simultaneously 

forming a highly doped InGaAs:Zn layer has been experimentally shown due to the higher Zn 

solubility limit in InGaAs compared to InP and to implement a two-stage p-type dopant profile 

in one Zn diffusion process by controlling the thickness of the InGaAs surface layer. 
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Introduction 

The most promising approach for the creation of compact telecommunication range single 

photon detectors is the usage of avalanche photodiodes (APDs) with a planar design based on 

InP-InGaAs heterostructures, where the photon absorption region in the InGaAs layer and 

multiplication of the photogenerated charge carrier region in the InP layer are separated [1,2]. 

The key point in the manufacturing of this type of APD is the formation of a two-stage p-type 

doping profile in the InP layer. For these purposes, a local Zn diffusion process into the InP 

layer through a dielectric mask [3,4] is used based on one of several technological approaches: 

Zn diffusion from a coated Zn3P2 or Zn3P2/Zn layer [5,6], diffusion in a sealed ampoule using 

a planar source based on Zn3P2 [7,8], Zn diffusion through a narrow gap using a planar source 

based on Zn3P2 [9,10], diffusion from the vapor phase in an open tube [4,11]. 

One of the main problems of the mentioned above approaches is the low level of p-type 

dopant concentration in the InP layer, which makes it difficult to form high-quality ohmic 

contacts to the p-InP layers. The simplest solution is the use of Zn-containing metal 

contacts [4,10]. However, the usage of Zn-containing metal contacts is associated with several 

new problems, such as low reliability, complex surface morphology and deep penetration of 

contact metallization materials into the p-InP layer during contact annealing, which 

significantly affects the final characteristics of the device. 

Another problem in the creation of effective single photon APDs is related to the 

formation of a two-stage p-type dopant profile with local diffusion of Zn, which is necessary to 

suppress the local edge electric breakdown in the single photon APD [12,13]. There are two 

main approaches. The first one is based on double Zn diffusion processes through two different 

dielectric masks [11,14] and requires high reproducibility of the process and uniformity of the 

Zn diffusion over the sample area. The implementation of this approach is potentially possible 

from the vapor phase using metal-organic chemical vapor deposition (MOCVD) 

reactors [15,16]. The second approach is based on the formation of the InP layer surface relief 

followed by a single Zn diffusion process through dielectric mask [4,5,10] and requires the 

formation of a flat bottom of the etching well with smooth walls to suppress undesirable local 

electrical breakdown on the roughness of the Zn diffusion front. It is difficult to ensure a flat 

bottom of the well using non-selective chemical etching, and the use of stop layers for the 

implementation of a selective chemical etching is associated with a lateral anisotropic etching 

under the mask [17]. A plasma chemical etching of the InP layer potentially allows to provide 

the necessary parameters of the well [10], however, a few studies have noted its negative effect 

on the dark counts of the single photon APD [18]. 

A potential solution to these problems is the use of the InGaAs surface layer, which makes 

it possible to achieve a p-type doping level above 1 × 1019 cm−3 due to a higher Zn solubility 

limit in InGaAs compared to InP layers [19] and to apply the selective chemical etching through 

InAlAs/InGaAsP stop layers to form the required surface relief. A few studies have shown the 

possibility of Zn diffusion into InP layers from the vapor phase through the InGaAs layer  

[20-23] and demonstrated the usage of such technology for creating high-speed photodiodes in 

waveguide geometry [23]. The technological parameters of the Zn diffusion process from the 

vapor phase and type of Zn atom source set the concentration and the depth of the Zn diffusion 

into the InP layer [4,11,15,16,19,25,26]. However, the difference between the Zn solubility 

limits in the InP and InGaAs layers leads to some features of the Zn diffusion process into InP 

through the InGaAs layer [20-22]. 

This paper presents a study of the InGaAs surface layer thickness influence on the Zn 

diffusion process into the InP layer through the InGaAs layer from the diethylzinc (DEZn) metal 

organic source. The dependences of the obtained distribution profile of the electrically active 

p-type dopant on the process time, temperature, and pressure in the reactor during the 

technological process are considered. 
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Experiment 

The investigated InGaAs/InP heterostructures were grown on the InP substrates and consisted 

of an undoped InP 3.5 µm thick layer, an undoped InGaAs 50 nm thick layer, an undoped 

InAlAs 10 nm thick stop layer and an undoped InGaAs 250 nm thick surface layer. The InGaAs 

surface layer thickness was varied by dry etching. 

The process of Zn diffusion from the vapor phase into InGaAs/InP heterostructures was 

produced at the MOCVD Aixtron AIX-200 system. DEZn was used as a source of Zn atoms 

and hydrogen (H2) was used as a carrier gas. The maximum flow of DEZn  

was ~2.55∙10-5 mol/min at a thermostat temperature of 17°C. A stabilizing flow of arsine 

(AsH3) was fed into the reactor to prevent surface degradation of the InGaAs layer at 

temperatures above 400 °C. The temperature range of the Zn diffusion process below 460 °C 

is limited by the precipitation of Zn compounds in the solid phase, and at temperatures above 

550 °C the temperature range is limited by the deterioration of the surface morphology of the 

InGaAs layer. The amount of electrically active p-type dopant in the InP layer also depends on 

the parameters of the thermal activation dopant process [21,26,27]. After the Zn diffusion 

process, InGaAs/InP heterostructure samples were subjected to ex-situ rapid thermal annealing 

(RTA) in a nitrogen flow at 450 °C for 5 min. 

The unidimensional distribution profiles of electrically active dopants in the studied 

InGaAs/InP heterostructures after Zn diffusion and RTA processes were determined by 

electrochemical capacitance-voltage profiling (ECV). 

To carry out local diffusion into InP through a thin InGaAs layer a SiNx dielectric mask 

with window topology was formed on the surface of InGaAs/InP heterostructures [28].  

To obtain a two-stage profile of a p-type dopant in a single Zn diffusion process recesses with 

a defined shape and depth were etched within the dielectric mask windows (which defined the 

photosensitive region) formed on the surface of InGaAs/InP heterostructures. The recesses were 

made by selective chemical etching of the InGaAs layer to the InAlAs stop layer, followed by 

selective removal of the InAlAs stop layer. 

Two-dimensional distribution profiles of electrically active p-type dopants in the studied 

samples were controlled by contrast on cross-sectional images obtained by scanning electron 

microscopy (SEM). SEM images were obtained in the secondary electron mode at low (<5 keV) 

accelerating voltages. 

 

Results and discussion 

Figure 1 shows the distribution profiles of electrically active p-type dopants in InGaAs/InP 

heterostructures depending on the thickness of the InGaAs surface layer, which demonstrates 

the effect of the InGaAs surface layer thickness on the Zn diffusion process. The process 

temperature was 500 °C, the reactor pressure was 50 mbar, and the process time was 

60 minutes. In the direction from the surface of the structure the concentration of holes in the 

InGaAs layer monotonically decreases and its maximum value in the InGaAs layer reaches  

(3–4)∙1019 cm−3, which is sufficient for the formation of ohmic contacts [19,24]. In this case, 

the near-surface region (~ 10-30 nm) is excluded from consideration because it is affected by 

the depletion of the surface and/or the effect of reverse diffusion near the surface. The local 

decrease in the hole concentration to 6∙1018 cm−3 coincides with the position of the InAlAs stop 

layer. The first sharp decrease in the hole concentration to (1–3)∙1018 cm−3 coincides with the 

position of the InGaAs-InP interface [21]. The second sharp drop below 1∙1017 cm−3 is related 

to the Zn diffusion front [29]. There is a sharp increase in the depth of the p-type dopants  

(at the level of 1∙1017 cm−3) and an increase in the maximum concentration of holes in the InP 

layer to 3∙1018 cm−3 as the thickness of the InGaAs surface layer decreases. This is due to the 

existence of an initial transitional stage of Zn diffusion in the InGaAs/InP heterostructure when 

Zn diffusion first occurs only in the InGaAs layer. The demonstration of the hole segregation 
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effect in the InGaAs layer near the InGaAs-InP heterointerface is due to the higher limit of 

solubility of the Zn dopant in the InGaAs layer. 

 

 
 

Fig. 1. Distribution profiles of electrically active p-dopants in the InGaAs/InP heterostructure 

for different thicknesses of InGaAs surface layer measured by ECV profiling. Temperature: 

500 °C, pressure: 50 mbar, process time: 60 min 

 

 
 

Fig. 2. Distribution profiles of electrically active p-dopants in the InGaAs/InP 

heterostructure for different thicknesses of InGaAs surface layer measured by ECV profiling. 

Temperature: 500 °C, pressure: 50 mbar, process time: 180 min 
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Figure 2 shows the distribution profiles of electrically active p-type dopants in 

InGaAs/InP heterostructures with different thicknesses of the InGaAs surface layer for a 

process time of 180 min with other fixed technological parameters. An increase in the Zn 

diffusion process time made it possible to achieve saturation of the hole concentration at the 

level of (3–4)∙1019 cm−3 over the entire thickness of the InGaAs layer (with the exception of the 

InAlAs stop layer) and minimize the difference in the maximum hole concentration in the InP 

layer. Thus, Zn diffusion from an infinite solid-state source mode was realized (the 

concentration of the diffusant was constant). More detailed studies of the effect of the process 

time on the Zn diffusion in the InGaAs/InP have shown that in the case of saturation of the hole 

concentration in InGaAs, the difference in the depth of the Zn diffusion front in InP between 

samples with different thickness of the InGaAs surface layer remains constant. 

An important issue is the influence of the Zn diffusion process temperature with the other 

fixed technological parameters. According to Fig. 3 a decrease in temperature from 500 to 

475 °C leads to an increase in the maximum hole concentration in the InGaAs layer to 5.5∙1019 

cm−3 and to an increase in the maximum hole concentration in the InP layer to 5.5∙1018 cm−3 

and in the depth of the p-type dopant occurrence. This behavior is apparently due to an increase 

in the amount of diffusant due to a decrease in the desorption of Zn from the near-surface region 

with a decrease in the process temperature (similarly with the Zn diffusion into the InP layer 

[4,26] and into the InGaAs layer [19]). In addition, there is an increase in the effect of hole 

segregation in the InGaAs layer near the InGaAs-InP heterointerface and a sharp decrease in 

the difference of the Zn diffusion front depth in InP layer between samples with different 

thicknesses of the InGaAs surface layer, especially at thicknesses less than 200 nm. It should 

be noted that an increase in temperature during the Zn diffusion process leads to a drop of the 

near-surface diffusant concentration due to increased desorption and, as a result, to decreased 

hole concentration and depth of the Zn diffusion into the InP layer. 

 

 
Fig. 3. Distribution profiles of electrically active p-dopants in the InGaAs/InP 

heterostructure for different thicknesses of InGaAs surface layer measured by ECV profiling. 

Temperature: 475 °C, pressure: 50 mbar, process time: 180 min 
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The effect of reactor pressure on Zn diffusion in InGaAs/InP was analyzed depending on 

the thickness of the InGaAs surface layer. The process temperature was 500 °C and the process 

time was 60 minutes. According to Figure 4 an increase in pressure in the reactor  

from 50 to 200 mbar leads to a sharp increase in the maximum hole concentration in the InGaAs 

layer to 8∙1019 cm−3. Moreover, it leads to the disappearance of a local decrease of the hole 

concentration in the InAlAs stop layer and an increase in the effect of hole segregation near the 

InGaAs-InP heterointerface. The observed decrease of the hole concentration in the InGaAs 

layer near the surface is due to the process of reverse diffusion near the surface, for example, 

during sample cooling or thermal activation of a p-type dopant [4,21]. The high diffusant 

concentration in the InGaAs layer made it possible to reduce the depth spread and to obtain the 

Zn diffusion depth in the InP layer of more than 2.5 µm in a significantly shorter process time. 

At the same time, there is a sharp increase (compared with the results in Figs. 1 and 2) in the 

maximum hole concentration in the InP layer to 7∙1018 cm−3 which is comparable to the results 

of Zn diffusion from dimethylzinc into the InP layer [4,11,26]. This behavior is similar to the 

effect of the temperature decreasing and shows an increase in the diffusant concentration due 

to the suppression of Zn desorption from the near-surface region with an increase in pressure. 

At higher pressures in the reactor the solubility of the Zn dopants in the InGaAs layer is possibly 

limited, so the permeability of the InGaAs:Zn layer deteriorates, which negatively affects the 

Zn diffusion depth into the InP layer. 

 

 
Fig. 4. Distribution profiles of electrically active p-dopants in the InGaAs/InP 

heterostructure for different thicknesses of InGaAs surface layer measured by ECV profiling. 

Temperature: 500 °C, pressure: 200 mbar, process time: 60 min 

 

Thus, it can be concluded that during the Zn diffusion process from the vapor phase into 

the InP layer through the InGaAs layer the thickness variation of the InGaAs surface layer 

makes it possible to effectively control the Zn diffusion depth in the InP layer. 

Figure 5 shows a typical scanning electron microscope (SEM) cross-section image of a 

sample with local Zn diffusion through a SiNx dielectric mask. The Zn diffusion process 

temperature was 500 °C, the reactor pressure was 50 mbar, and the process time was 180 

minutes. The position of the Zn diffusion front in the InP layer was determined by the image 

contrast boundary between regions with different types of conductivity. It should be noted that 
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it is difficult to determine the absolute value of the diffused Zn depth by the contrast since the 

observed contrast is complexly related to the distribution of the electric field on the studied 

sample cross-section. Nevertheless, the relative distance ΔdZn between the first and second local 

Zn diffusion fronts can be estimated with relatively high accuracy (the measurement error does 

not exceed 10 %). At the etching depth Δdetch of the InGaAs surface layer of about 0.2 µm the 

difference in the depth of the p-type dopant was 0.45 µm which is less than the target difference 

ΔdZn ~ 0.8 µm, which was estimated from test processes of Zn diffusion into InGaAs/InP 

heterostructures without a dielectric mask. This effect can be caused both by an effective 

increase of the diffusant concentration in the near-surface region using a dielectric mask and by 

an inaccuracy of determining the depth of the p-type dopant in test processes by ECV profiling 

due to the curvature of the recesses bottom at large etching depths. 

 

 

 
Fig. 5. SEM cross-section image of a sample with local diffusion of Zn into InGaAs/InP 

through a SiNx dielectric mask with a variation in the thickness of the InGaAs surface layer 

within the central window. Temperature 500 °C, pressure 50 mbar, process time 180 min 

 

Conclusion 

The results of the Zn diffusion from the vapor phase into the InP layer through the InGaAs 

surface layer with various thicknesses are presented. The Zn diffusion process was carried out 

according to the open tube scheme in the MOCVD reactor, where DEZn was used as a Zn 

source. 

It was shown that a decrease of the InGaAs surface layer thickness leads to a sharp 

increase in the depth of the electrically active p-type dopant (Zn diffusion front at the level of 

1∙1017 cm-3). Additionally, an increase in the process temperature from 475 to 500 °C with other 

fixed technological parameters leads not only to a decrease of the hole concentration in the 

InGaAs surface layer and the depth of the p-type dopant but also to the increased difference in 

the depth of the Zn diffusion front with variations in the thickness of the InGaAs surface layer. 

An increase of the pressure in the reactor from 50 to 200 mbar with other fixed technological 

parameters leads to a sharp decrease in the difference of the Zn diffusion depth with variations 

in the thickness of the InGaAs surface layer. 

The revealed behavior is due to the existence of an initial transitional stage of Zn diffusion 

into the InGaAs/InP heterostructure when Zn diffusion first occurs only in the InGaAs surface 

layer until the full saturation of the hole concentration is reached in it. At the same time, an 
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increase of the effective hole concentration in the InGaAs layer due to a weakening of the Zn 

desorption from the near-surface region (with a decrease in temperature and/or an increase in 

pressure in the reactor) leads to a faster implementation of the Zn diffusion process from an 

infinite solid-state source. 

The studies have shown the principal possibility of controlled formation of a two-stage 

diffusion profile of a p-type dopant in a single Zn diffusion process from the vapor phase 

through the dielectric mask SiNx into the InP layers by controlling the thickness of the InGaAs 

surface layer. This approach makes it possible to simultaneously provide a high level of p-type 

doping in the InGaAs surface layer, which is important for the formation of an ohmic p-contact. 

The results are important for the creation of single-photon APDs for quantum communication 

systems. 
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