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Study of Zinc Diffusion Process for High-speed
Avalanche Photodiode Fabrication

Ilgu Yun *
School of Mechanical and Electrical Engineering, Yonsei University, Seoul 120-749, Korea

Kyung-Sook Hyun and Kwang-Eui Pyun
Electronics and Telecommunications Research Institute
161 Kajung-dong, Yusung-ku, Taejon 305-350, Korea

E-mail : ivun@mail.yonsei.ac.kr

The characterization of Zinc diffusion processes applied for high-speed avalanche photodiodes has
been examined. The different diffusion process conditions for InP test structures were explored. The
Zinc diffusion profiles, such as the diffusion depth and the Zinc dopant concentration, were examined
using secondary ion mass spectrometry with varying the process variables and material parameters.
It is observed that the diffusion profiles are severely impacted on the process parameters, such as the
amount of Zn,P, source and the diffusion time, as well as material parameters, such as doping
concentration of diffusion layer. These results can be utilized for the high-speed avalanche photodiode

fabrication.
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1. Introduction

The diffusion process is widely used for
fabricating in InP-based electronic and
optoelectronic devices, such as avalanche
photodiodes (APDs) [1]. For the application
of 1.55-um wavelength high-speed fiber-
optic communication system, the planar
InP/InGaAs avalanche photodiode with
floating guard ring is one of the potential
candidates for receiver module. In order to
construct the p-n junction of the APDs, the
diffusion process is a preferred technique
because it can be formed highly doped p-
region. Since Zinc diffuses one to two
orders of magnitude faster than other dopant
like Cadmium, one of the biggest challenges
associated with the use of Zinc as a diffused
dopant in InP is the control of diffusion. In

addition, the diffusion profile distribution
determined junction curvature which can
significantly impact on the edge breakdown.
Therefore, the precise control of diffusion
depth and diffused dopant concentration is
required to apply this technique for the high-
speed avalanche photodiode fabrication.

In this paper, the characterization of two
different InP-based test structures
(InP/InGaAs epitaxial structure, and n-type
InP substrate) are presented and the results of
diffusion process for two test structures are
compared and analyzed. These two test
structures are mainly distinguished by the
doping concentration of the diffused layer.
The Zinc diffusion profiles, such as the
diffusion depth and the Zinc dopant
concentration, were examined using
secondary ion mass spectrometry with
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varying the amount of Zn,P, source, the
ampoule volume, and the diffusion time. The
Zn diffusion processes were performed via
sealed ampoule technique using pumping
system and diffusion fumace [2]. The
diffused Zn profiles were measured with
secondary ion mass spectrometry (SIMS)
using a Cs' beam and detecting the CsZn"
cluster at mass 197 in a Cameca IMS-4F
instrument [3].

2. Test Structure Description

The first test structure is an InP/InGaAs

epitaxial structure. This test structure were
grown by the metal organic chemical vapor
deposition (MOCVD) growth technique at
Electronics and Telecommunications
Research Institute. It is composed of a basic
p-i-n structure with inserting grading and
buffer layers. The thicknesses and doping
concentrations of InP/InGaAs epitaxial layers
are summarized in Table 1. The p-region is
constructed by Zinc diffusion process on the
3.5-pm thick undoped multiplication region.
In addition, the 2000-A thick SiN,
passivation layer is added on the top for
diffusion pattern and 1500-A thick InGaAs
layer is added just below the passivation
layer to suppress the lateral diffusion. In
order to obtain the required characteristics
for high-speed applications, the total charge
density of the charge plate and multiplication
layer thickness should be precisely controlled
[4]. The second test structure is S-doped n-
type (1x10'*cm™) InP substrate.
Prior to the diffusion process, these test
structures were cleaned and slightly etched to
remove surface damage. In addition, the
zinc diffusion depth is defined as the depth at
Zn dopant concentration is 1x10"7 atoms/cc.

3. Experimental Setup and Measurement

The Zinc diffusion processes were
performed via sealed ampoule technique

using  diffusion furnace  maintaining
temperature at about 495 °C in flowing N,
gases with varying the process conditions.
The ampoule in a quartz boat was loaded in
the pre-heating zone and waited for 10
minutes before diffusion. After diffusion
process, the ampoule was pulled out of
diffusion furnace and cooled rapidly by
dropping it into water. Then, Zn diffusion
profiles were measured with secondary ion
mass spectrometry (SIMS) using a Cameca-
IMS 4F instrument. A 5.5 keV Cs® primary
ions were used. The CsZn® ions were
detected to monitor the Zn concentration.
The sputtering rate was deduced by
measuring the depth of the ion-impacted
crater, which can extrapolate the diffusion
depth, and a Zn-doped bulk InP sample was
used to calibrate the concentration.

Table 1. InP/InGaAs Epitaxial Layer
Structure
Layer Name Material Thickness Dopll?g
[pm] [cm™]
Multiplication u-InP 35 5.0x 10
Field buffer n-InP 0.2 1.5x 107
Grading 1 “‘?ﬁ%’;sp 0.03 20x10%
. u-InGaAsP 15
Grading 2 (130) 0.03 2.0x10
Grading 3 “‘I(‘;f;aé“)SP 0.02 20x 107
Absorption u-InGaAs 1.0 2.0x10%
Buffer n-InP 1.0 1.0x 10"
Substrate n*-InP 350 2.0x10%

4. Results and Discussions

Figure 1 represents SIMS depth profiles
for the Zn concentration in the InP/InGaAs
test structures. Here, the ampoule pressure
holds constant for three test structures. The
diffusion process condition for these test
structures is summarized in Table 2. From
these results, the diffusion depth can be
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extrapolated. The diffusion depths of three
test structures diffused in 38 min., 46min.,
and 60 min. are 2.41 pm, 3.06 um, and 3.74
um, respectively. It can also be seen that
the Zn concentration distribution is
dependent on the amount of Zn,P, source.
However, it is not significantly impact on the
diffusion depth. In order to obtain certain
Zn concentration distribution, the amount of
Zn,P, source can be determined by the
volume of the ampoule.
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Fig. 1. SIMS profiles for the InP/InGaAs
epitaxial structures

Table 2. Process condition for InP/InGaAs
epitaxial structures

Ampoule Amount of Diffusion
Size Zn,P, time
[em?] (mg] [min]
Sample
#1 8 50 38
Sample
0 8 75 46
Sample 2 150 60
#3

The similar results can be obtained from
the SIMS depth profiles for the Zn
concentration in the n-type substrate test
structures. The diffusion depths of four test
structures diffused in 41 min.,, 43 min,,
46min., and 60 min. are 1.3 um, 1.36 pm,
141 pum and 1.61 pum, respectively.
Compared with the results from the

InP/InGaAs epitaxial structures, It can be
explained that the range of the diffusion
depth has narrow boundary as the doping
concentration of the layer for the diffusion is
increased.
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Fig. 2. Diffusion depth as a function of the
square root of the diffusion time

The plots of the Zn diffusion depth versus
the square root of the diffusion time for
InP/InGaAs structures and n-type substrates
are presented in Figure 2. The diffusion
depth versus the square root of the diffusion
time yields a linear relationship as expected
for a classical diffusion process. The data for
sealed ampoule diffusion matches modeled
data quite well, indicating that diffusion
process characterization can reproducibly be
performed using a simple classical diffusion
model. Moreover, it is noted that that
diffusion rates for epitaxial layer and n-type
substrate are 0.829 um/min"? and 0.222
pum/min'?, respectively. It is found that
higher doping concentration in diffused layer
before diffusion process can create more
abrupt junction and the diffusion depth can
be controlled more precisely.

4. Conclusion

In summary, the Zn diffusion process of
three different test structures, InP/InGaAs
epitaxial structure, n-type InP substrate, and
undoped InP substrate, has been investigated
using sealed ampoule technique. The results
show that the Zn diffusion depth and
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concentration can be reproducible if the
process parameters, such as the amount of
Zn;P, source, the ampoule pressure, the
ampoule size, and the diffusion time, are
carefully controlled and optimized. These
experimental results can be utilized for the
fabrication of long-wavelength high-speed
avalanche  photodiodes  for  optical
communication system application.
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