101
3 88-25-8 12

Formation of p*-Layer in GaAs Using the Open-Tube
Diffusion of Zn
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Abstracts

Zinc diffusion characteristics and its applicabilities have been studied using an open-tube system.
Thermal decomposition of arsenide (As) at gallium arsenide (GaAs) wafer surface was well
inhibited by using Ga: poly-GaAs: Zn composition as a diffusion source. Junction depth was
obtained as 4.6 x 107 4/ t exp (-1.25/kT) where activation energy of diffusion was 1.25eV.

From Boltzmann-matano analysis, it could be identified that concentration dependenc1es of
Zn diffusivity well consisted with those of kick-out model. The ideality factor of p—n junction
formed by Zn diffusion was about 1.6 and infrared light intensity was linearly varied in the range
of sixty folds. It is concluded from these results that Zn diffuses according to kick-out model, and
open-tube method is applicable to compound semiconductor devices.

*E®E, BERETREFAT LAY

(Compound Semiconductor Department, ETRI) L. Introduction

*EGE, BEARENE LHBIRTRE

Zn diffusion is one of the essential processes for

"*(Se'"iconfi:mor Materia? Lab"‘ KAIST) the fabrication of p *n junction in GaAs related
E#R, REARK HHTEH compound semiconductors. Many authors(l)(z)

(Dept. of Material, Eng, Korea Univ.) have studied on the applications of Zn diffusion
BZHT 0 1988%F 28 23H such as ohmic contact, Laser Diode (LD) and
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superlattice. For the successful device processing,
Zn diffusion techniques have been improved and
the diffusion mechanism has been more and more
investigated.

In 1960, by Cunell and Gooch, it was reported
that diffusion characteristics of Zn in GaAs was
anomalous.’®  Two years later, interstitial &
substitutional model was presented by Longini.“)
And Gaosele et al.(s) improved the model by apply-
ing kick-out model in 1981. Recently, it was
shown that kick-out model was reasonable in case
of closed-tube method from the numerical si-
mulations and the experiments(6). However a few
works on open-tube method were reported
yet.(7) (8)

A work on open-tube diffusion method using
graphite boat with diffusion source has been done
in our laboratory. This report attempts to define
Zn diffusion mechanism in case of open-tube
diffusion method, and to cover the basic investic-
ations on the diffused layer by examing electrical
properties.

I1. Experiments

Open-tube system was consisted of gas con-
trol part, gold furnace and graphite boat as
shown in Fig.1. Graphite boat which was des-
igned in order to insert diffusion source and GaAs
wafer was - after mechanical processing - precisely
rinsed in organic solvents and soaked in 3 HCL:
1 HNOj solution for a few hours. N-type GaAs
( = 10® cm™3) wafers grown by Horizontal-
Bridgemann (HB) method were cleaned with
deionized (DI) water and were etched in 3H, SO,
1H,0,: 1H,O solution to remove surface con-
taminants such as oxides. Elements used for
diffusion sources were actually very pure materials
running about 6 nine grade. The furnace tube was
purged for 30 minitues with argon gas, and then
forming gas (Ar with 20% H;) atmosphere was
maintained during heat treatment to prohibit
oxidation of the diffusion source and graphite.
Gold furance was movable along the quartz tube
so that the heating - and the coling-rate could be
controlled as high as 26°C/min and — 40°C/min,
respectively.

Zn concentration profiles were obtained by
converting the resistivities which were measured
by repeating etch-and-measurement with 3H, SO, :
1H,0,: 1H,O0 solution. The etch rate was 750A
per 10 sec at 0°C and the measured resistances
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Fig.1. Schematic diagram of open-tube diffu-
sion system.,

were converted to resistivities and to Zn concentr-
ations sequentially. Junction depth could be
determined not only from Zn concentration
profile but also from delineation etching. To
delineate p-n junction of GaAs, the cleavage planes
of (110) family were etched with 1HF:3HNO;3:
4H, O solution for 10 sec at room temperature
(RT). Hall effect measurements were performed
using the Van der Pauw method to determine Hall
mobility and carrier concentration of the diffused
layer. To measure current - voltage (I-V) and light-
curnent (L-I) characteristics, Ohmic contact was
made using Indium metal and was baked at
450°C for 2 minitues in flowing nitrogen gas.
Light intensity was measured by using SR3000
Light Emitting Diode (LED) tester having silicon
(Si) detector.

IM. Results and Discussions

1. Diffusion Characteristics

Two types of diffusion sources were tried to
prevent As from decomposing at GaAs wafer
surface during heat treatment. In one diffusion
source of As: Zn (50:50 wt. %), As atoms of
source ran out so fast that As evaporation was
severely occurred at the GaAs wafer surface as
shown in Fig.2(a). As can be seen in this figure,
rectangular type pits exist to the direction of
(110) family on the wafer surface and their
feature are V-grove with four planes of (110)
family.(11) On the contrary, the other diffusion
source, Ga:poly-GaAs; Zn (50:25:25 wt%) well
suppressed As decomposition and resulted in a
clean surface as shown in Fig.2(b). It seems that
liquid phase Ga continuously offered to produce
As atoms during heat treatments.
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(b)

Fig.2. Surface morphologies of Zn-doped GaAs
wafers diffused for 400 minitues (a) at
575 °C using Zn: As source and (b) at
600 °C using Ga: poly-GaAs: Zn source,

As metioned above in the experiments, junction
depth could be measured by using two methods.
Fig.3 shows the delineated p+-njunction which was
about 3.8um, however this technique is ambi-
guous as the junction depth became less than one
micron. Therefore most of junction depths were
determined from Zn concentration profiles. From
the relationship of junction depth with the square
root of diffusion time, shown in Fig.4, an exper-
imental result of junction depth which was
associated with diffusion - temperature and - time
could be represented by the empirical form;

1.25
d=4.6x107 - Jt(min.) . exp (- T )y )

where d means junction depth in micron and T
diffusion temperature in Kelvin degree. The
activation energy is almost the same as those
reported by Matsumoto( 12) and Casey( 13) ,as Fig.5,
from experiments using closed tube method.
The small difference is thought to be occurred
from the fact tll>at diffusion coefficient is pro-
portional to P As- * and may also be influenced by
the source component and atmosphere.

(961)
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Fig.3. Microphotograph of cleavage plane of

GaAs wafer delineated by etching.
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Fig.4. Junction depth vs. square root of diffu-
sion time for various diffusion temper-
atures.

Maximum Zn concentrations at the wafer surface
diffused at several diffusion temperatures between
575°C and 690°C was 1x10% - 2x10% cm™,
As an example, Fig.6 shows that junctions are
abruptly formed. Zn diffusion coefficient as
shown in Fig.7 was obtained from this figure by
using boltzmann-matano analysis which had been
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Fig.6. Zn concentration profiles measured for
various diffusion time and temperatures.

known to be useful to study diffusion mechanism
depending on impurity concentration.(l4) Three
zone behaviors called anomalous phenomena
could be identified through the diffusivity curves
as shown in Fig.7. According to the kick-out
model proposed by Gosele and Morehead, this
anomalous phenomena can be well described. The
kick-out model is a modified interstitial-substi-
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C.

tutional model and was presented as following
reaction;

Zn! + Gag, == Zng, + Gaj + 2t (2)

where interstital Zn (Zn"i-) substitute for Ga site
to be substitutional Zn (Znaa) and GaG a to be
intersitial Ga (GaI). This phenomena can be
explained by applying some assumptions such as
Fick’s second law and mass action law to Eq.(2),
as done by GOsele and his companion, At near
surface, as vacancy Ga(VGa) is easily supplied,
all species in Eq.(2) are assumed to maintain
equilibrium concentration;

+ =~ tq ~eq
Ci(zni ) =C, C;(Gap=Cy' and

~

cs

+
Cs (ZnGa) (]

Because of these equilibrium status, diffusion
in region I satisfies complementary error function.
On the other hand, concentration of GaI in region
II is assumed to be accumulated above equilibrium
so that the concentration of the species are assumed
to be in the order Cg> C; > Ceiq and the diffusi-
vity abnormally becomes proportional to .
This behavior of diffusivity coincides on the whole
with the experimental data of region II in Fig.7.
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As Zn Concentration decreases in region III,
interstitial Zn (Zrig) concentration is assumed to
decrease. Interstital Zn concentration (Ci) is less
than Ctisq in this region and Zn diffusivity theore-
tically becomes proportional to C?% But the experi-
mental data of region III in Fig.6 shows that the
diffusivity is proportional to C° and by far
depends on concentration rather than the the-
oretical value. The difference is presumably due
to compensation effect which is dominant in the
low concentration region. For the reasons stated
above, we propose that diffusion of Zn in GaAs
using open-tube method follows kick-out model
like that using closed-tube method.

2. Electrical Properties

From Hall measurements, the carrier concentr-
ations at surface were measured as 1x10% -
2x10%® cm™® and Hall mobilities as 50-70
cm2/v.sec. The wafer surface was so heavily
doped that severely degenerated, and that Hall
mobilities were very small.(ls) The high solid-
solubility of Zn in GaAs is the reason that Zn
diffusion is useful in ohmic contact.(l6) The
active area of I-V and and L-I samples was
rectangular type with 2mmx2mm size. The
typical relation-ship of current with forward bias
voltage was measured as Fig.8(a).

GaAs : Zn
575C
w'F Shours
<
E 10—5 -
1]
o
o
jn]
©oor
1077 T=300K
10-* ] ]
0 0.5 1.0

VOLTAGE (V)

(a)

105

The ideality factor of junction was 1.6 at low
field region. However, as the bias increases above
0.7V, the current becomes to diverge from lin-
earity. This is owing to the series resistance of p-n
diode including depletion region. Also soft
breakdown was occurred at about 3V because of
heavy doping in p-type side of the junction. The
wavelength of IR light corresponding to the band
gap energy of GaAs emits when the forward bias
is applied. The intensity of the IR light was
measured to 350 mA at RT as Fig.8(b). The light
intensity was linearly increased with current
increasing to 200 mA. The divergency occuring
above 200 mA is in general caused by the redu-
ction of emission efficiency. The light intensity
was linearly increased to sixty orders of magnitude
in the arbitrary units as current increased from 10
mA to 200 mA. Therefore, the open-tube method
can be applicable to diffuse Zn into GaAs related

compound semiconductors and to fabricate
optoelectronic devices.
IV. Summary

One objective of this investigation was to con-
sider Zinc diffusion mechanism in Gallium
Arsenide using an open-tube diffusion system.
The other objective was to know whether this
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Fig.8. (a) IV and (b) L-I characteristics of p—n junction which was formed by diffusion

of Zn in n-type GaAs.

(963)



106

method was applicable to devices needing p-type
layer.

The relationship of junction depth with
diffusion - temperature and - time was obtained as
4.6x107. v/ t. exp (-1.25/kT) where activation
energy was 1.25eV. Concentration dependency of
Zn diffusivity obtained from experiments showed
the same concentration dependencies as approxi-
mated from kick-out model: Zn diffusion behavior
in the open-tube system could be explained
according to kick-out model. The ideality factor
of p+-n junction formed by Zn diffusion was
about 1.6 and IR light intensity was linearly
varied in the range of sixty times. In the light of
the preceding discussion, open-tube diffusion
method must be applicable to compound semicon-
ductor devices.
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