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Growth and Etching of Germanium Films by Chemical Vapor
Deposition in a GeCly-H; Gas System

Hiromu Ishii and Yasuo Takahashi
NTT Electrical Communications Laboratories, 3-1, Morinosato Wakamiya, Atsugi-shi, Kanagawa 243-01, Japan

ABSTRACT

The etching and growth of germanium films are investigated using a GeCl,-H, gas system in the temperature range of
490°-565°C. At relatively low GeCl,.partial pressures less than 2 x 1073 torr, epitaxial growth of Ge is observed on Ge (100)
surfaces, whereas at GeCl, partial pressures higher than 2 x 1072 torr, etching of the Ge film is found to occur. In the exper-
iments utilizing patterned substrates, where the surface consists of defined areas of Ge and Si0,, Ge is found to deposit
selectively only on the exposed Ge regions. The growth reactions of Ge epitaxial films proceed through the Langmuir-
Hinshelwood mechanism: the surface reaction takes place between two hydrogen atoms dissociatively adsorbed and a
surface-adsorbed GeCl; molecule. GeCl, molecules adsorbed on the surface are formed directly from GeCl, molecules, not
through gas-phase reduction by hydrogen. On the other hand, the etching reaction of Ge films is proved to be a reverse
disproportionation reaction: GeCly + Ge — 2GeCl,. Based on the analyses of growth and etching reactions, the equation of
the Ge epitaxial film’s growth rate is derived as a function of GeCl, partial pressure, hydrogen partial pressure, and growth

temperature.

Recently, major interest has been shown in the applica-
tion of Ge epitaxial film as an interlayer between a GaAs
layer and a Si substrate (1, 2) or an ohmic contact layer in
GaAs FET’s (3). Chemical vapor deposition (CVD) and mo-
lecular beam epitaxy (MBE) have been used in order to
form Ge epitaxial films. Compared with the MBE tech-
nique, one advantage of the CVD method is that ultrahigh
vacuum cleaning of the substrate surface is unnecessary
before Ge growth. Furthermore, another advantage of
CVD is that selective growth applied for self-aligned LSI
processes is possible since its film growth mechanism is
based on surface chemical reactions (3, 10). For these rea-
sons, the thermal decomposition of GeH, has been exten-
sively studied (4-10). The crystalline quality and electrical
properties of grown Ge films have been investigated and
the growth mechanism has been clarified (10). Compared
with GeH, system, the GeCls-H; gas system has not been
examined in great detail. Cave et al. tried to apply Ge epi-
taxial films formed using this gas system for semicon-
ductor device processes (11). Miller et al. reported that
both growth and etching reactions of Ge film in the gas
system occur depending on GeCly/H, mole ratio at a con-
stant temperature of 880°C (12). However, the Ge film for-

mation mechanisms necessary to improve crystalline qual-
ity and thickness controllability have not yet been
clarified.

The film growth mechanism in halide-hydrogen gas sys-
tem of SiCl;-H, was offered assuming chemical equilib-
rium in the gas phase (13). This assumption, however, is
not reasonable since actual film growth conditions in CVD
is in a nonequilibrium state (12). Analyses based on surface
chemical reactions have successfully explained the film
growth mechanisms in thermal decomposition of SiH, (14)
and GeH, (10). The purposes of this work are, from the
viewpoint of surface chemical reaction, to clarify the Ge
epitaxial film growth and etching mechanisms in a GeCls-
H, gas system and to derive the equation of the Ge epitax-
ial film growth rate as a function of GeCl, partial pressure,
hydrogen partial pressure, and growth temperature.

Experimental

A low pressure CVD apparatus with a lamp-heated hori-
zontal reactor was used. The experiments were performed
in the temperature range of 490°-565°C under a total pres-
sure of 6.5 torr. The temperature was monitored by an opti-
cal pyrometer and the pressure was measured with a ca-

Downloaded on 2014-11-08 to IP 129.108.9.184 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).


http://ecsdl.org/site/terms_use

1540

Fig. 1. Electron diffraction pattern for Ge film grown at 540°C for
Poeciy of 9.0 X 1074 torr in a GeCly-H, gas system.

pacitance manometer. A GeCl,-He gas system was used to
study the GeCl, partial pressure Pg.c), dependence of the
etching rate, Pgecy, was varied from 9.0 x 107 to 1.3 x 1072
torr. In addition, a GeCly;-Hy-He gas system was used to in-
vestigate hydrogen partial pressure Py, dependence of
etching and growth rates, in which Py,was varied between
0 and 6.5 torr. The role of helium gas introduced was to
maintain the total pressure of 6.5 torr as the Py, was varied.
The substrates used here were Ge (100) films formed on Si
(100) wafers by CVD using a GeH,-H; gas system (10). The
Ge (100) film thickness was 500A and 20004 for the growth
and etching experiments, respectively. The Ge film thick-
ness was measured by a Talystep. Element analysis on the
prepared sample surfaces was performed with Auger elec-
tron spectroscopy (AES). The structure of grown Ge films
was checked using electron diffraction.

Results

A typical diffraction pattern of Ge film grown using a
GeCls-H, gas system is shown in Fig. 1. From the figure, Ge
is found to grow epitaxially on a Ge (100) surface. More-
over, the epitaxial Ge films were obtained only on Ge (100)
substrate surfaces. No Ge deposition was found on SiO,
surfaces. This was confirmed by AES. The Ge selective ep-
itaxial growth was observed for all deposition conditions
employed in the experiments. An example of the Ge selec-
tive growth is shown in Fig. 2. The light and dark sections
of the wafer indicate Ge film grown selectively on a Ge
(100) surface and nondeposited SiO, surface, respectively.

Figure 3 shows Pg.c), dependence of growth rates and
the temperature parameters in the GeCl,-H, gas system. It
was found that the growth rates increase to a maximum
and then decrease to minus values as Pgecy, increases. In
addition, the growth rate at each temperature seems to
have its asymptote. Minus growth rate values will be re-
ferred to as etching rates throughout this paper. Figure 4
shows Pgeci, dependence of growth rates at 540°C using a

Fig. 2. Ge selective growth at 540°C for Pg.c, of 9.0 X 10 *torrin o
GeCl,-H; gas system. Light and dark areas show selectively grown Ge
and Si0, ones, respectively.
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Fig. 3. GeCl, partial pressure dependence of growth rate in a GeCl,-
H, gas system. The solid curves were obtained from Eq. [11] by curve-
fitting.

GeCly-He gas system where helium gas takes the place of
H, in the GeCl,-H; gas system. In the GeCl,;-He gas system,
no Ge growth is observed and etching alone takes place in
any Pgq, This clearly indicates that hydrogen is neces-
sary for the Ge film growth. Furthermore, the etching rate
is found to be proportional to Pgecy,. The solid line of Fig. 4
seems to correspond to the asymptote referred to earlier.
On the other hand, both the growth rates at Pgecy, of 9.0 X
10~ torr in the GeCl;-H; gas system and the etching rates
in the GeCl;-He system showed no change when the gas-
flow velocity in the CVD reactor was diminished to 67% by
reducing the conductance of the evacuation system. The
independence of growth and etching rates from the gas-
flow velocity shows that the growth and etching reactions
are controlled by surface chemical reactions, not by the
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Fig. 4. GeCl, partial pressure dependence of growth rate in a GeCl,-
He gas system at 540°C.
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Fig. 5. Hydrogen partial pressure dependence of etching rate in @
GeCl,-H,-He gas system at 540°C for Pg.ciy of 1.3 X 1072 torr.

diffusion of GeCl,. To make clear the influence of hydro-
gen on the etching and growth reactions, the dependence
of Py, on etching and growth rates was investigated using
the GeCl,-H; gas system. The results are shown in Fig. 5
and 6. Figure 5 shows the dependence of Py, on the etch-
ing rates at 540°C for Pgecy, of 1.3 x 1072 torr. From the fig-
ure, it can be seen that the etching rates are almost con-
stant. This indicates that the etching reaction is
independent of hydrogen. Figure 6 shows Py, dependence
of the growth rates at 540°C for Pgecy, 0f 9.0 x 10~ torr. This
figure indicates the linear relationship between Py, and
the growth rates.
Discussion

Film etching reaction process.—As shown in Fig. 4, only
etching reaction occurs in the GeCl,-He gas system. The
etching rate in the GeCl,-He gas system is nearly equal
to that in the GeCl-H; gas system at 540°C and a Pgecyy
higher than 6.0 x 1072 torr. This means that the etching re-
action in the GeCL-H, gas system at a Pgecy, higher than 6.0
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Fig. 6. Hydrogen partial pressure dependence of growth rate in a
GeCly-Ho-He gas system at 540°C for Pe.ci, of 9.0 X 107 torr.
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x 1073 torr takes place unrelated to hydrogen. The etching
rate is, actually, independent of Py,, as shown in Fig. 5.
This independence of the etching reaction from hydrogen
apparently indicates that etching is mainly caused by the
direct reaction between GeCl, molecules and the Ge sur-
face. Moreover, the etching rate is proportional to Pgecy, in
the GeCl,-He gas system (Fig. 4). Therefore, the etching re-
action can be expressed as the following formula

Ge(s) + GeCly(g) — 2GeCly(g)

where (s) and (g) stand for the solid state and gas phase, re-
spectively. This reaction is a reverse disproportionation re-
action. This conclusion is supported by the fact that
germylenes — i.e., divalent germanium derivatives — are
fairly stable in a Ge-GeCl;-GeCl, system (15, 16). The etch-
ing rate Rg is given by

Rg = kg X Pgecy (1]

where kg is the reaction rate constant. Figure 7 shows tem-
perature dependence of the etching rate at Pgecy, of 1.3 X
1072 torr. Using the results of the figure, the value of kg is
given as

kp = 2.2 x 101 x exp (~1.04 eV/kT) A min! torr™!

where k and T are Boltzmann constant and absolute tem-
perature, respectively. The high activation energy of 1.04
eV suggests that the etching reaction.is controlled by the
surface chemical reaction rather than the diffusion of
GeCl,. This is consistent with the fact that the etching rate
is independent of the gas-flow velocity in the CVD reactor.

Film growth reaction mechanism.—As was explained
above, the etching reaction takes place between GeCl,
molecules and solid Ge. Therefore, growth rate Rg shown
in Fig. 3 includes the contribution from the etching reac-
tion in addition to the growth reaction. As is pointed out
above in the Results section, each curve for Pgecy, depend-
ence of growth rate Rg has a steep rise to a peak, which
then gradually falls off to approximate to its asymptote.
This asymptote corresponds to Ry as expressed in Eq. [1],
because the values of Rg and Rg almost agree in the high
Pgeci, Tegion. Thus, the net growth rate R, can be approxi-
mately obtained by the following equation

Ren=Rg + Rg [2]

In order to distinguish the growth reaction characteristics

560 530 500(°C)
T T |

o
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| | |
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Fig. 7. Temperature dependence of etching rate at P.ci, of 1.3 X
1072 torr in a GeCly-H; gas system.
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Fig. 8. GeCl, partial pressure dependence of net growth rate Rg,
given by Eq. [2].

from the etching reaction ones, Pgec, dependence of net
growth rate Rg, is shown in Fig. 8 by incorporating the Rg
data shown in Fig. 3 and the Rg values given by Eq. [1].
Here too, each curve for Rg, has a steep rise to a maximum,
followed by a steep fall as Pg.cy, increases. From the chem-
ical viewpoint, this is characteristic of the Langmuir-
Hinshelwood (L.-H) mechanism. Namely, Ge epitaxial film
growth reaction using a GeCly-H; gas system proceeds via
the surface reaction between a Ge compound adsorbate
derived from GeCl, and hydrogen atoms adsorbed on the
surface. Therefore, the growth reaction processes can ten-
tatively be written as follows

GeClyg) + m/2Hy(g) — A(g) + pHCl(g) + qCl (3]

A(g) = A(ads) [4]
Hy(g) = 2H(ads) (5]
A(ads) + nH(ads) — Ge(s) + rHCl(g) 6]

A, derivative from GeCly; (g), gas phase; (ads), adsorption
state; (s), solid state; m, n, p, q, and r, 0 or natural number
where reaction [3] represents the formation reaction of A
and reactions [4] and [5] show the equilibrium reaction of A
and hydrogen between their adsorption state and gas
phase, respectively. Reaction [6] is the surface reaction of
the adsorbates to form solid Ge.

Formulation of the growth rate—In the following dis-
cussion, growth rate Rg is formulated as a function of
Pgecyy, Phy, and T. Let surface coverage of A and hydrogen
atom be 8, and 8y, respectively. 6, and 8y are expressed ac-
cording to Langmuir’s adsorption isotherm as

OLPA

gy =— -
A 1+ OLPA + BPHZUZ

BPHZI/Z

y=—-——
1+ (XPA + BP};zUZ

in which « and B are the equilibrium constant for the ad-

sorption in reactions [4] and [5], respectively, and P, is the

partial pressure of A. From reaction [6], R, is written as

Ran = kgn X 04 X 8"

an X (lﬁn X PA X sznIZ

= [7]

(1 + OLPA + BPHZUZ)(n+1)/2
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where kg, is the reaction rate constant in reaction [6]. From
reaction [3], P, is given as
Pa =1y X Pgeciy X Py,™*
where v is the reaction rate constant in reaction [3]. Substi-
tuting y X Pgeciy X Py,™? for P in Eq. [7], Rg. is obtained by
k(}n X O.Bn X PGeC14 X PHZ("H-n)/Z

RG =
" (1 + ay X Pgecy X Py,™ + PPy, e

(8]

On the other hand, since the relationship of Rg to Py, is a
linear one (Fig. 6), Rg, is expressed as

kg X Pgecy X Py,™™%

Rgn = e
G A 1 Koge X Pgecy, ¥ Pﬂzm/z + k* X PHZ1/2)(n+1)/2
[9a]
= ﬂPGeCl4) X PHz [gb]

in which kg.aB™y, ay, and B in Eq. {8] are rewritten as kg,
kaas, and k*, respectively, and fiPgeci,) shows the function
of Pgecy,. Equation [9b] using Pgecyy, which is identical to
Eq. [9a], is satisfied only when k* = 0, m = 0, and n = 2.
Therefore, Rg, is obtained by

kg X Pgecyy X P
Rop = —— it T (10]
(1 + kads x P GeCl4)

Using the relation given by Eq. [2], growth rate Rg can be
expressed as

kg X Pgeay X Py
Rg = ! 23 — kg X Pgecyy [11]
(1 + kads X PGeCl4)

By curve-fitting method, unknown parameters kg and kuqs
in Eq. [11] are determined as

ke = 1.5 X 108 X exp(—0.544 eV/kT) A min~! torr~!
kags = 2.8 X 102 x exp (0.100 eV/kT) torr™!

The solid curves in Fig. 3 show the result of the curve fit-
ting. It can be seen that the calculated and experimental
growth rate values are closely approximated. This sug-
gests that reactions [3]-{6] based on the L-H mechanism are
valid for Ge growth in a GeCl,-H, gas system. In the proce-
dure for obtaining Eq. [11], k* is given as 0. This is equiva-
lent to the fact that hydrogen-adsorption term BPy,'? in
Eq. [8] can be omitted. Its chemical significance is that hy-
drogen molecules are hard to adsorb dissociatively on the
Ge surface (17) compared with GeCl, derivative, A.
Actually, the partial pressure of hydrogen which is neces-
sary to grow Ge epitaxial film is higher than that of GeCl,
by a factor of 2000-7000. This is ascribed to the difficulty of
dissociative adsorption for hydrogen molecules on the
surface,

Film growth reaction process—In this section, film
growth reaction processes are proposed based on the
values of m and n obtained as 0 and 2 in the earlier discus-
sion. The result, n = 2, shows that two hydrogen atoms
which are dissociatively adsorbed react with A on the sur-
face in reaction [6] and also shows that A is in the form of
GeCl; stoichiometrically. Furthermore, the fact that m = 0
suggests that the adsorbate, GeCl, in reaction [3] is formed
directly from GeCl, without reduction by hydrogen in the
gas phase. Therefore, the possible reaction processes are
given as

GeCly(g) — GeCly(g) + 2C1 [12]
GeCly(g) = GeCly(ads) [13]
Hax(g) = 2H(ads) (14]

GeClyads) + 2H(ads) — Ge(s) + 2HCl(g) [15]

In reaction [12], gaseous GeCl; is expressed as the decom-
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position product of gaseous GeCl,. This reaction hardly oc-
curs, however, because GeCl, molecules are quite stable in
the gas phase. Therefore, the decomposition of GeCl, via
heterogeneous catalytic reaction between GeCl, and a sur-
face may take place as is reported for Si epitaxy in a SiCls-
H, gas system (18). Detailed verification of reaction [12]
must be investigated further.

NTT Electrical Communications Laboratories assisted
in meeting the publication costs of this article.
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Characterization of Enhanced Barrier Schottky Diodes
Impurity Profiling in the Punch-Through Region
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ABSTRACT

We have established a theoretical basis for impurity profiling of the punch-through p-layer in metal-p*-n structures
and have successfully applied this to Au/n-GaAs enhanced barrier diodes having a shallow Be implant under the metal.
The theory uses the thermionic emission model for electron conduction over the barrier. Use of our model to interpret
Schottky diode current-voltage characteristics and capacitance-voltage data yields the spatial dependence of the activated
Be implant. Normal capacitance-voltage analysis can profile only part of the n-region and not the p-region in punch-
through. Our results scale with the SIMS profile of the annealed 5 keV Be implant. This analytical profiling approach can
be extended to any one-dimensional system in punch-through. In applying our model to the enhanced barrier Schottky
diodes investigated here, we found that the model was indeed very general; the availability of unimplanted control
Schottky diodes enabled us to show that we could extend the region of analysis beyond the usual linear range of the loga-
rithm of current vs. voltage to a very high current range in which series resistance is often erroneously thought to be a lim-
iting effect.

Enhancement of Schottky barrier heights due to the in-
troduction of a thin p* region near the interface of a metal/
n-type semiconductor Schottky junction was first demon-
strated in the 1970’s for CdS (1) and Si (2-4). More recently,
enhanced barrier height Schottky junctions have been re-
ceiving increased attention with respect to III-V semicon-

*Electrochemical Society Active Member. .
0 'Present address: PCO, Incorporated, Chatsworth, California
1311.

ductors. A number of applications have prompted this in-
cluding: enhancement mode GaAs MESFET’s with
improved noise margin and relaxed tolerance on threshold
voltage uniformity (5); high speed MESFET’s using
GalnAs (6); and a MESFET technology for InP (7). Accord-
ingly, since these p* doping effects occur very near the
metal-semiconductor interface, it is very desirable to de-
velop analytical techniques for characterization of the de-
gree of ionization and spatial dependence of the doping in
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