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The infrared absorption spectra of hydrogenated amorphous GaAs show two prominent
hydrogen-related bands at 530 and 1460 cm~!. These bands are very broad and they
amount to most of the hydrogen-induced infrared absorption. The remaining structures
are a number of comparatively sharp lines which we interpret as Ga-H and As-H modes
in partial agreement with earlier investigations. We argue that the broad bands arise
from near-stretching (1460 cm~!) and from wagging (530 cm™!) vibrations of H atoms si-
tuated in bridging positions between two Ga atoms. This assignment is supported by
similar bands in Al-H polymers, a-GaP:H, and a-GaSb:H. A model calculation of the

mode frequencies is also presented.

INTRODUCTION

Hydrogenated amorphous GaAs (a-GaAs:H) has
been successfully prepared by rf sputtering in an
Ar-H, mixture.! The electrical and optical proper-
ties of a-GaAs:H have been investigated.!~* The
effect of H addition shifts the optical absorption
edge to higher energies and decreases the conduc-
tivity by several orders of magnitude. It also pro-
duces some infrared absorption bands related to
Ga—H and As—H bonds. These phenomena
show that the incorporation of H into a-GaAs can
compensate dangling bonds and reduce the density
of states in the energy gap. However, no non-
linearity or rectification has been observed in a-
GaAs:H Schottky barriers.” This is probably due
to either a large bulk defect density or to a large
density of surface states.

Paul et al.’ have presented infrared vibrational
spectra of a-GaAs:H. These spectra appear to be
composed of two very broad and strong bands and
some other weak bands. The spectra seem more
complex than in the case of a-Si:H and a-Ge:H. In
this paper we present further details about the in-
frared spectra of a-GaAs:H. The infrared spectra
of a-GaP:H and a-GaSb:H are also presented and
compared with those of a-GaAs:H. The broad
features mentioned above are also observed for a-
GaP:H and a-GaSb:H. They are interpreted in
terms of Ga—H —Ga bridging bonds.

PREPARATION AND CHARACTERIZATION
OF THE AMORPHOUS SAMPLES

The samples were prepared by rf sputtering of a
polycrystalline GaAs target of 2-in. diameter in an
Ar:H, mixture. The distance between target and
substrate was 5 cm, the substrate was grounded,
and the rf power applied to the target was
40— 80 W. The base pressure was about 2% 10~°
Torr. The Ar pressure (p,.) was maintained at
1X 1072 Torr, but the partial pressure of H, (pg)
was varied between 0 and 1 1072 Torr. The
deposition rate was about 0.2—0.6 um/h. The
thickness of films ranged from 2—8 um. The
films were deposited simultaneously on various
substrates including fused quartz, glass, and c-Si.
The substrate temperature T, was held at about
20°C by means of cooled water in order to obtain
the amorphous phase of GaAs. X-ray diffraction
showed that the films are indeed amorphous. Par-
tially crystalline films can be obtained if the cool-
ing water is cut off, especially for the higher rf
power. Paul et al.’ pointed out that if the sub-
strate temperature is held near 4 °C amorphous
films are obtained. Temperatures above 40°C re-
sult in crystalline films. Hargreaves et al.,’> how-
ever, believe that amorphous GaAs films result for
temperatures between 20 and 30°C. Some po-
lycrystalline GaAs films were produced at sub-
strate temperature of 200°C. The Raman spec-
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trum provides a fast and convenient method to
identify whether the film is amorphous or partially
crystalline.’ Figure 1 shows Raman spectra in the
region of the optical phonons of a-GaAs:H films
prepared at different T;. At the lower T these
Raman spectra appear as a broad band centered at
250 cm~!. With increasing T, this band shifts to
higher energies and the line width is reduced. For
T, larger than ~50°C the Raman spectra split into
two peaks which correspond to the TO and LO
phonons of ¢-GaAs, and partially crystalline films
result.

EXPERIMENTAL RESULTS

The infrared transmission spectra from 4000 to
200 cm ™! of a set of samples deposited on ¢-Si
substrates at different Py were measured with a
Perkin-Elmer model 283 double-beam spectropho-
tometer with a blank ¢-Si substrate in the reference
beam. The absorption coefficient a was calculated
from the measured transmittance T according to
the following equation®:

a:-—i—ln%{A +[A?+2BT(1—R,R5)]?} ,
A=—(1—R;)1—R,)(1+R3), (1)

B=2T(R\R,+R,R;—2R,R,R;) ,

where ¢ is the thickness of the film, and R, R,
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FIG. 1. Raman spectra of a-GaAs:H prepared at the
different T.
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FIG. 2. Infrared transmission spectra of a-GaAs:H
with different Cy.

and R; are reflectance of the air-film, film-
substrate, and substrate-air interfaces, respectively.
Figure 2 shows the infrared transmission spectra of
a-GaAs with Cy=0, 6.8, and 10.7 at. %. Figure 3
shows the corresponding absorption spectrum of
a-GaAs:H with Cy=10.7 at. % and the decompo-
sition into separate lines. The broad hump at 520
cm ™! represents the contribution from the 2TO
band. Its intensity relative to the TO band at 255
cm ™! was deduced from the spectrum of a-GaAs
without hydrogen. For the remainder of the lines
(except the band at 1460 cm™!) symmetrical
Lorentzians have been superimposed to reproduce
the measured spectrum. Figure 4 shows the in-
frared transmission spectra of a-GaAs:H prepared
with Py =5X10"3 Torr and a-GaAs:D with
Pp=5X1073 Torr. After these measurements, the
samples were isochronally annealed in vacuum
(21073 Torr) for 1 h at several temperatures.
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FIG. 3. Infrared absorption spectra of a-GaAs:H
with Cy=10.7 at. %, together with the constituting
lines. For an identification of the corresponding modes,
compare Table 1.
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FIG. 4. Infrared transmission spectra of a-GaAs:H
and a-GaAs:D.

Figures 5, 6, and 7 show the infrared, Raman, and
x-ray diffraction spectra after annealing at T,. It
can be roughly estimated from Fig. 5 that hydro-
gen has nearly completely evolved at about 300°C
(the band left at ~520 cm™! after annealing at
300°C is the first overtone of the intrinsic TO
band). At the same temperature, amorphous GaAs
starts to recrystallize as shown in Figs. 6 and 7:
X-ray diffraction exhibits two weak and broad
humps below T, =250°C, but above T, =275°C
three characteristic diffraction peaks, correspond-
ing to the (111), (220), and (311) reflections in po-
lycrystalline GaAs, appear. This is similar to the
case of a-Si:H (Ref. 7) although the crystallization
temperature of a-GaAs is closer to that of a-Ge.
The change of the corresponding Raman spectra
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FIG. 5. Infrared transmission spectra of a-GaAs:H
after thermal annealing at the different T,.
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FIG. 6. Raman spectra of a-GaAs:H after thermal
annealing at the different T,.

with annealing temperature T, is shown in Fig. 6.
Above T, =300°C the Raman spectra split into
two peaks which shift to higher energy with in-
creasing T,. We can estimate that the recrystalli-
zation of a-GaAs:H occurs in the annealing tem-
perature range 270—300°C.

The wave numbers of the characteristic ir-
absorption peaks observed in a-GaAs:H are given
in Fig. 3. There is a weak doublet at 2040 and
2130 cm~!. We assign these peaks to AsH and
AsH, stretching modes, respectively, by compar-
ison with the infrared spectra of arsenic hydrides.
For our deposition conditions the peak at 2040
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FIG. 7. X-ray diffraction spectra of a-GaAs:H after
thermal annealing at the different T,.
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cm™! is always dominant. However, with increas-
ing py the relative intensity of the peak at 2130
cm~! increases significantly, as shown in Fig. 8.
After annealing the AsH, stretching mode in-
creases strength with respect to the AsH stretching
mode with increasing T, as shown in Fig. 9. This
behavior is very similar to that of the GeH and
GeH, stretching modes in a-Ge:H.> These peaks
have their counterparts in the deuterated samples
at 1530 and 1470 cm 1.

In the hydrogenated samples there is also a peak
at 1760 cm~! and a shoulder at 1870 cm™!. The
structures are not always very clear as they are su-
perimposed on a very broad and strong peak which
will be discussed below. We identify them as GaH
and GaH, stretching modes by comparison with
the infrared spectra of some gallium hydrides.!®!!

Note that the Ga-H and As-H stretching modes
are symmetrically disposed with respect to the Ge-
H frequencies,’ as expected. For our deposition
conditions, the peak at 1760 cm~! is always dom-
inant. The shoulder at 1870 cm~! is very weak
and can be only observed for the higher py. In
GaAs:D the GaD, stretching mode at 1360 cm ™!
is stronger, while the GaD stretching mode at 1260
cm~! is somewhat weaker.

By comparison with the infrared spectra of other
arsenic and gallium hydrides®!%!! and with the po-
sition of the bond-bending modes in a-Si:H (Ref.
12) and a-Ge:H (Ref. 9) we assign two peaks ob-
served at 990 and 700 cm~! to As-H, and Ga-H,
bending modes, respectively.

In view of its large strength as compared with
the modes described so far, we do not attribute the
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FIG. 8. Infrared absorption spectra of As-H stretch-
ing modes for the different Py (in Torr).
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FIG. 9. Infrared absorption spectra of As-H stretch-
ing modes for the different T, (Py=1X10~3 Torr).

peak at 530 cm ™! in a-GaAs:H to bond wagging

vibrations. We believe that the standard wagging
modes in a-GaAs:H appear only as two shoulders,
one at 620 cm ™! for the wagging mode of the
As—H bond, and another at 565 cm™! for that of
Ga—H.

As already mentioned, there are two strong and
broad bands at 1460 and 530 cm™!. Paul et al.}
have pointed out that they are indeed hydrogenic
modes. They account for most of the hydrogen-
induced infrared absorption in a-GaAs:H. We as-
sign them to Ga—H— Ga bridge stretching and
wagging modes, respectively, and will discuss them
further in the following section. All the modes ob-
served and their assignments are listed in Table I.
For comparison the results of Paul et al.? and data
for other related materials are also listed in this
table. The frequency ratio of the corresponding
modes in a-GaAs:H and a-GaAs:D lies between
1.38 and 1.39, only slightly weaker than the square
root of the corresponding mass ratio (1.41). The
defect in the mass ratio is most likely due to bond
anharmonicity.’> We point out that the anoma-
lously low frequency ratio (1.30) found by Liith
and Matz'? for the stretching modes of As-H(D)
on c-GaAs surfaces does not appear here. Al-
though we do not know the reason for this
discrepancy, we point out that the As-D stretching
frequency of Ref. 13 is out of line with those re-
ported here, while in all other cases the results of
Ref. 13 agree within error with the ones observed
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by us for the Ga—H,, Ga—D,, and As—H,
bonds, respectively. It is also worth mentioning
that for H on the surface of ¢-Si, the Si-H peaks
occur ~100 cm ™! higher than for Si-H in a-Si and
near those of Si-H, for this material."* Hence the
peaks observed in Ref. 13, with the possible excep-
tion of that at 1660 cm ™!, are probably those of
singly bonded H and D.

DISCUSSION

The possible existence of hydrogen bridges
(sometimes called three-center bonds or simply hy-
drogen bonds) in a-Si:H has been suggested by
Fisch and Licciardello.!® These authors conjec-
tured that the residual density of states in the gap
of a-Si:H (with the dangling bonds passivated by
H) was due to such hydrogen bridges. Thus the
possibility appeared of avoiding these states by us-
ing fluorine instead of H for saturating dangling
bonds. To date, however, no evidence for such
bridging hydrogen in either a-Si or a-Ge has been
found. The reason is probably that a Si—H—Si
bridge must be occupied by three electrons of
which two are bonding and one is nonbonding.
The nonbonding electron destabilizes the bridge
and transforms it into a strongly asymmetric
bridge, hardly distinguishable from an ordinary sa-
turated dangling bond.

Let us now consider the possibility of a hydro-
gen atom bonded as a bridge between two Ga
atoms in GaAs. The static charge of Ga in GaAs
is ~+1 (atomic units).'® Hence the two Ga atoms
forming the bridge contribute one electron less than
in the case of Si bonds (there are 2 electrons per
atom, i.e., 0.5 per tetrahedral hybrid, two hybrids
contribute to the bond). Hence now only bonding
electrons participate in the hydrogen bridge, half
coming from each of the Ga atoms and the rest
from the 1s electron of H. The chances for stabili-
ty are considerably improved. Indeed, bridging hy-
drogens have been found recently in a number of
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FIG. 10. Infrared transmission spectra of a-GaP:H
(Py=2X1073 Torr, t =6.6 um), a-GaAs:H
(Py=1x1073 Torr, t =3.8 um), and a-GaSb:H
(Py=1%1073 Torr, t =7.7 um).

aluminum compounds (Al—H — Al bridges) such
as Al(BH,),H and AI(BH,)H,.!” The “signature”
of such bridging bonds is, as usual,'® the lowering
of the frequencies of the Al-H stretching vibrations
as compared with the monomer bonds. For the
aluminum compounds just mentioned'’ the Al-H-
Al stretching vibrations appear as a broad band
(another characteristic of bridging hydrogen) be-
tween 1200 and 2200 cm ™!, centered near 1650
cm~'. We also note that diborane (B,Hy) is a pro-
totype of a bridging hydrogen bond, while B be-
longs to the same column of the Periodic Table as
Al and Ga.

The analogy between these Al-H stretching
bands and the ones seen in Figs. 2, 3, 4, and 10
around 1460 cm ™! is quite striking. It is clear that
the latter are due to Ga—H as they are observed in
a-GaP:H, a-GaAs:H, and a-GaSb:H (see Table II.)
Moreover, they shift in the appropriate way when
H is replaced by D. The shift from 1650 to 1460
cm~! in going from the Al—H bonds to the
Ga—H bonds is also reasonable and can be ex-
plained as due to the 7% smaller covalent radius 7,
of Al as compared with Ga (the vibrational fre-
quency'® should be approximately proportional to

TABLE II. Comparison of the vibrational mode frequencies (in cm~') in a-GaP:H, ¢-GaAs:H, and a-GaSb:H.

a-GaP:H 2320 2220 1930 1800 1480 1010 700 630 570 540 700 345
a-GaAs:H 2130 2040 1870 1760 1460 990 700 620 565 530 520 255
a-GaSb:H 1940 1870 1790 1690 1400 960 700 600 555 510 400

2TO TO

P P
Assign-
ment Sb Sb

str. str. str. str. str.

P

As-H, As-H Ga—H,Ga—H Ga—H—-Ga As-H, Ga—H, As-H Ga—H Ga—H-—-Ga
Sb Sb
bend bend wag wag wag
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ro13; the “stretching” frequency of the bridging

hydrogen in diborane is 2050 cm™!). In view of
the high volatility of As, it is reasonable to assume
that the hydrogen bridges connect Ga atoms which
otherwise would produce a “wrong” Ga—Ga bond
as a result of an As deficiency. It has been recent-
ly shown that H and D also bond preferentially to
Ga in proton- and deuteron-implanted crystalline
GaAs and GaP.?’ In this work, however, no evi-
dence for hydrogen bridges in c-GaAs:H and c-
GaP:H was seen.

It is easy to account for the main features of the
1460 and the 530 bands of the bridging hydrogen
with a simple geometrical model and thereby to
obtain some semiquantitative information about
the structure of these bonds. We first estimate the
Ga-H distance dg,_g in the hydrogen bridges.
The corresponding distance for the monomer bond
is obtained by adding the covalent radii of Ga and
H (1.26 4+ 0.32=1.58 A). dg,_y for the bridging
bond can be estimated by replacing the covalent ra-
dius of Ga by the average of the covalent and the
atomic radii.

_ 1.2641.41
2

- +0.32

=1.65. (2)

The larger bond length in the bridge, as compared
with the monomer, lowers the force constants and
thus the vibrational frequencies. We assume that
this lowering is governed by the law w ~d 5:_5, as
corresponds to a typical mode Griineisen parameter
of 1.3. The lowering estimated according to this
law does not suffice to explain the shift observed
for the stretching vibrations, from 1760 cm~! for
the Ga-H monomer to 1460 for the bridging bond.
The lowering needed can be accomplished by as-
suming that the bridging bonds are not colinear
(see Fig. 11). The finite bond angle 6 produces a
mixing of the bond stretching and the in-plane
bond wagging (frequencies) according to the fol-
lowing equations:

dGu-H

dGa-Ga

FIG. 11. Simple geometrical model for Ga—H—Ga
bridging bond.

wp=k2w? cos’0+ k2w sin%0 , (3a)
co%w” =klw?sin®0+k2w? cos?d , (3b)

where the subscripts bs and bw| refer to the
stretching and in-plane wagging modes of the
bridging hydrogen, respectively. The wagging
mode which corresponds to a movement of the hy-
drogen atom perpendicular to the plane of Fig. 11
is unmixed and has a frequency

wbwl = kwa)w . (4)

The constants k, and ky, ( <1) represent the
softening of the stretching and wagging restoring
forces due to the increase in bond length. In the
manner described above we estimate

ky=(1.65/1.58)"*=0.84.

The frequencies o, and w,, are taken to be those of
the corresponding modes in the monomer bonds
(ws=1760 cm ™! and w, =565 cm~!). We take, to
a first approximation, k,~k,, =k, although as will
be shown below, k, is probably larger than k.
From Eq. (3a) we obtain thus =10°.

The width Aw of wy, and wy,, can be accounted
for by fluctuations in the angle 0 and the Ga-H
distance d according to

20pAwy = k(w2 —w?) (sin20)A0
+2k (@} cos’0+ w? sinzf))%Ad . (5

Similar calculation yields

|Awbw“ | = | Awps | (@ps/@by) -

TABLE III. Parameters of the Ga-H-Ga bands obtained from our model and from the

experimental data.

0 ks kw dGa—H dGa—Ga
a-GaP:H 7.9° 0.83 0.95 1.65 A 327 A
a-GaAs:H 9.1° 0.84 0.94 165 A 326 A
a-GaSb:H 9.6 0.84 0.92 165 A 325 A




3256 Z. P. WANG, L. LEY, AND M. CARDONA

Experimentally we find Awy,~+200 cm ™!, and
therefore Ay, ~+600 cm™), i.e., the in-plane

wagging mode of the Ga—H-—Ga bridges should
be completely smeared out. In order to obtain a
consistent interpretation of the data we must as-
sume that this is indeed the case and that the Dt

mode is not seen. The band at 530 cm™! can then
be assigned to the unmixed wagging vibration.
The fact that this frequency is slightly lower than
that of the monomer (565 cm™"!) corresponds to
the fact that k., is slightly higher than k;
(ky=0.94).2! The width of wpy (A®py,~+50 cm)

depends on d alone:

Awbwl=ww%§—Ad . ©)

Equations (5) and (6) are solved simultaneously by
Ad =+0.05 A and A6=+2".

The parameters k and k,, found from a fit of
the experimental data for GaP, GaAs, and GaSb
are listed in Table III. Included in this table are
the angles 6 found with the corrected values of k.

We shall now make an attempt to estimate the
hydrogen concentration in our a-GaAs:H from the
integrated strength of the ir absorption bands. We
recall, first of all, that the strength of the ir
stretching bands due to bridging H bonds is be-
lieved to be much higher than that of the corre-
sponding monomers.'® This property is actually
sometimes taken as a characteristic of the bridging
bonds.!® We believe that this fact is a peculiarity
of the H bonds between atoms of the first period
(B,C,N,0) and that it is actually due to the weak-
ness of the monomer bond [a result of an acciden-
tal near-cancellation of the dynamical charge
(e*~0.1 for C—H) (Ref. 22)]. From the spectra
of Ref. 23, for instance, we estimate for diborane
e* =0.04 for the stretching vibrations of the
monomer B—H bonds and e* =0.6 for those of
the dimer bonds. The increase can be simply ex-
plained as related to the increase in polarity associ-
ated with the increase in bond length.*

We have listed in Table IV the integrated
strengths f[a(w)/co]d(o (in cm ™) of the observed
infrared bands of several of our a-GaAs:H sam-
ples. These integrated strengths are related to the
“transverse” effective charge e* through'?

f ado _ 27 Ne*?
@ Mcow,

)]

where , is the vibrational frequency, N the num-
ber per unit volume of the corresponding bonds

TABLE IV. Partial (N) and total (Cy) hydrogen concentrations for three different a-GaAs:H samples. The partial concentrations are calculated from the in-
tegrated strengths of the corresponding infrared absorption bands with the use of the proportionality constants given in the text. To calculate Cy (at. %), we used

the atomic density of c-GaAs: 4.4X10% cm~>.

530

700 620 565

Ga-H2

990

2040 1870 1760 1460
AS-H2
bend

2130

AS-H2

0

=
QO

Cy®

SNw

(10! em—3)

As-H Ga-H Ga-H-Ga

wag

Ga-H Ga-H-Ga

As-H Ga-H,

str.

%)

(at

bend wag wag (at. %)

str.

str.

str.

str.

o (cm™")
J

37 143

4.0 2.9 8.7 282 2.5 5.5 23
0.03

1.9

dw (cm™!)

a(w)

6.8

4.6

2.0

1.27
223

0.41
76

0.25
46

0.06
20

N (10* cm™3)

8.9
0.1

351

3.1 6.3 8.8 16.7

dw (cm™!)

alw)

f

10.7

8.4

3.7

2.0
310

0.84

113

0.51
68

0.22
27

N (10%! cm™3)

487

7.8 15.2 21.2 38.6

dw (cm™1)

(@)
oo

22.3

11.8

5.2

2.76

1.24

0.3 0.75

0.1

N (10 ecm™3)

2From the integrated bond wagging absorptions.

YFrom N nuclear-reaction method.
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and M the reduced mass (equal to the proton or
deuteron mass). It is possible to evaluate N pro-
vided e* is estimated in some way. If the same sit-
uation would prevail for Ga—H as for B—H (or
C—H) the dominance of vibrations of Ga—H—Ga
as compared with those of Ga—H would be due to
a much larger e* and not necessarily to a larger N
for the bridging bonds. It is easy to convince one-
self, however, that this is not the case. This fol-
lows simply when one considers that e*~0.35 for
the Ge—H bond?? (about the same for the stretch-
ing as for the wagging vibrations). Hence e* is
much larger for GeH than for either B—H (0.04)
or C—H (0.1). The effective charge for the
Ga—H and the As—H bond are expected to be
about the same because the effective dynamic
charges in Ge and GaAs are the same.'® In B—H
or C—H we are thus dealing with a suppression of
the monomer modes rather than an enhancement
of the bridging modes.

The considerations above apply to molecules in
gaseous form. For the solid form, one has to take
into account local-field corrections and the fact
that the refractive index n=41. It is customary to
write:

Now=Aew [ %dw . (8)

It has been shown that the “constant” 4, for Ge-H
stretching vibrations depends on N and on prepar-
tion conditions.?> This is not the case for 4.,
which is equal to 1.1X 10" cm~2. Hence we take
for the Ga—H and As—H bond:

Ay (As—H)=A4,(Ga—H)=4,(Ge—H)
=1.1x10", 9

in units of cm 2. For the stretching vibrations of
Ga—H—Ga, the effective charge must be in-
creased so as to take into account the increased
bond length. From Ref. 24 we estimate this in-
crease in dynamical charge to be ~0.2. We hence
take e¥*(Ga—H—Ga)~e*(Ga—H) + 0.2=0.55,
and correspondingly (in units of cm™?),

2
0.35

A,(Ga—H—-Ga)=24,(Ge—H) 0.55

=8.9%x10'% | (10)

where the factor of 2 accounts for the fact that one
of the wagging modes is not seen due to the
broadening discussed above.

We list in Table IV the values of H obtained for
As—H, As—H,, Ga—H, Ga—H,, and
Ga—H —Ga with the proportionality constants of
Egs. (9) and (10). The total concentration of H
bonded to Ga and As are found to be 2.0 and
3.7%x10%' em ™3, i.e., 4.6 and 8.4 at. %. These
values agree acceptably with the total hydrogen
concentration determined by the nuclear-reaction
technique.”> For the film with Cy;=22.3 at. % we
find a larger discrepancy: The ir data yield only
half as much H as the nuclear-reaction method.
This could be due to the presence of a correspond-
ing fraction of nonbonded hydrogen in that partic-
ular specimen, although the uncertainties involved
in the ir estimate do not allow for a firm con-
clusion.

The main conclusion from our present investiga-
tion is that hydrogen in amorphous III-V com-
pounds is primarily bonded as bridging hydrogen
in contrast to a-Si:H.'?> Finally, we would like to
mention that about 70% of the hydrogen bonded
in a-GaAs evolves at rather low temperatures
(~150°C). Our own measurements give about
200°C for this temperature. A connection between
the low evolution temperature and the hydrogen
bridges remains speculative, however.
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