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Experimental study of the hydrogen complexes in indium phosphide
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The structure of the H-related complexes in p-type InP and in liquid encapsulated Czochralski semi-

insulating InP:Fe has been studied from the vibrational absorption of their PH stretching modes. The
acceptor complexes are produced by plasma hydrogenation so that PD modes have been investigated
also. The study has first been performed at 6 K on the fundamentals and on the most intense of the first
overtones. The trends in the frequencies and widths of the PH modes of the H-acceptor complexes for
Be, Zn, and Cd acceptors are discussed and explained qualitatively. In InP:Fe, the PH intrinsic modes
are sharper than those of the acceptor complexes indicating a weaker interaction with the environment.
This study has been followed by the measurement of the temperature dependence of the frequencies and
of the linewidths for increasing temperatures. The frequency shifts and the broadenings of the lines are
interpreted by the temperature-dependent random dephasing of the vibration of the high-frequency os-
cillators in the excited state. The analysis shows that the PH mode in the acceptor complexes couples to
TA phonons of the InP lattice while the one in the complexes involving a vacancy couples to a two TA
phonon combination. The anharmonicity of the P-H bonds is comparable to the one in phosphine. A
comparison of the anharmonicity parameters derived from the overtone measurements with those de-
rived from the hydrogen isotope effects gives evidence of the interaction between the H atom and the lat-
tice. The amplitude of vibration of the D atom is smaller than that of the H atom and this explains why
the interaction of the D atom with the lattice is smaller. This is the reason why the width of the PD
modes is smaller than that of the corresponding PH modes. The splitting of some of the PH lines in
samples subjected to a uniaxial stress has been studied. The splitting of the PH;Zn mode is in full agree-
ment with a P-H bond along a (111)axis. The same (111)orientation of the P-H bond is also found
from the splitting of a line attributed to an In vacancy "decorated" by a H atom ( VI„(PH)). The split-
ting of the strongest line in InP:Fe leads to its attribution to a PH mode in a cubic center containing four
H atoms ( V&„(PH)4). The presence of this center seems to account for most of the hydrogen present in
InP:Fe. Upon annealing of the InP:Fe samples, V&„(PH)4 is a source of atomic hydrogen that can be
trapped by other defects and it can leave partially hydrogenated In vacancies.

I. INTRODUCTION

In semiconductors, H complexes can form under ap-
propriate conditions with many shallow dopants as well
as with native defects. ' These complexes generally neu-
tralize the electrical activity of the dopants, but the elec-
trical properties of the H complexes with native defects
depend on the electrical activity of the defect itself.
These complexes are characterized by one, or less fre-
quently, several L-H bonds where X can be an atom of
the crystal or a foreign atom. Reasonable models of the

structure and chemical nature of H-dopant complexes
have been provided using vibrational spectroscopy at low
temperature and perturbed angular correlation
(PAC). The identity of the hydrogen complexes with
native defects is not so clear, even when their symmetry
is known. More information is gained from a comparison
of the trends in the properties of hydrogen complexes
dift'ering in the chemicaI nature of the dopant with those
of unknown complexes. Another direction is a study of
the interaction of the complex with the surrounding crys-
tal. It manifests itself by a vibrational linewidth varying
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from one center to the other and by the broadening and
shift of the vibrational modes with temperature. A third
way is to study the effect of an external perturbation on
the samples. We present experimental results on the PH
and PD stretching mode of H-acceptor and H-native de-
fect complexes in InP and on their temperature depen-
dences. The temperature effects are interpreted in the
framework of the random vibrational dephasing mod-
el. ' We have also investigated the anharmonicity of the
modes from the observation of some overtones and from
hydrogen isotopic substitution. We have studied the
symmetry of the complexes by performing spectroscopic
measurements under uniaxial stress and we have tried to
correlate all the data to improve our picture of the H
complexes in semiconductors.

II. EXPERIMENT

A. The materials

The InP:Zn layers investigated (-5 pm) were pro-
duced by metal-organic vapor-phase epitaxy (MOVPE)
on thick (1.5 —2.0 mm) (100)- or (110)-oriented InP:Fe
substrates. The Zn doping level ( -3X 10' at./cm ) was
measured by secondary ion mass spectroscopy (SIMS).
The concentration of H-Zn complexes in the as-grown
samples was about 1.5 X 10' cm . The 3-pm-thick
InP:Be layer (p -3X 10' cm ) and the 5-pm-thick
InP:Cd layer with p -2X 10' cm were grown, respec-
tively, by molecular beam epitaxy (MBE) and by liquid
phase epitaxy (LPE) on semi-insulating (SI) InP:Fe sub-
strates. One liquid encapsulated Czochralski (LEC)
grown InP:Cd sample with p —5 X 10' cm was also
used. All these samples were capped with a thin layer of
Gap 47Ino 53As:Zn lattice-matched to InP to prevent dis-
sociation under direct exposure to plasma. Hydrogen
was difFused by exposure to a H or D rf plasma (15.36
MHz). Typical conditions were a power density of 0.08
W cm with a sample temperature of 200'C for 6 h.

InP:Fe substrates or samples were cut in the seed end
(cone) of a nominally SI LEC crystal (crystal 1) with [Fej
-2X 10' at./cm . To simulate the annealing of the sub-
strates during the MQVPE growth, InP:Fe samples were
annealed at 600 C or 650 C under a phosphorus pressure
of one atmosphere in a quartz ampule for 3 h. SI samples
cut from the cones of other crystals (2 and 3) were also
measured. One InP:Fe sample (No. 4) was also studied.

The samples for the uniaxial stress study were oriented by
x rays to better than 1.

B. The setup

The samples were cooled in Oxford Instruments Model
Nos. CF204 or CF1204 cryostats and the spectra ob-
tained with a Bomem Model No. DA8 Fourier-transform
spectrometer at resolutions of 0.1 or 0.013 cm ' near
liquid helium temperature (LHeT). The CF1204 cryo-
stat, equipped with one Rh/Fe temperature sensor in the
cryostat and one Rh/Fe sensor in the sample holder, was
used for the measurements as a function of temperature.
In the CF204 cryostat, the temperature of the sample was
deduced from the temperature of the manganin tempera-
ture sensor in the heat exchanger. The CF204 could be
fitted with a spring-loaded stress system built at the I.a-
boratoire AOMC. In this stress system, the force applied
to the piston is read from a transducer at room tempera-
ture. The base temperature of the sample in the stress
system is 8 K. Radiation was polarized by a Cambridge
Instruments grid polarizer on a calcium fluoride sub-
strate.

III. EXPERIMENTAL RESULTS

A. The LHeT results

1. The H- and D-acceptor comp/exes

The IR absorption of the p-type samples neutralized by
hydrogen shows only one H- or D-related mode for each
acceptor. The frequency and fu11 width at half-peak
(FWHP) of this mode at 6 K for difFerent acceptors are
given in Table I. The frequencies show an acceptor
dependence, but the average is comparable to the fre-
quencies of the PH stretching mode in phosphine. On
the other hand, they are rather different from Be-H, Zn-
H, or Cd-H stretching frequencies in diatomic mole-
cules. From these two facts we were first led to attribute
the modes observed to PH bonds perturbed by the accep-
tor atom with only one such bond per acceptor com-
plex. ' We denote these modes as follows: PH; Be,
PH;Zn, PH;Cd, etc.

The FWHP's depend on the nature of the acceptor.
The same trend is also observed for the H complexes with
group-II acceptors in GaAs. " The FWHP's for the D

TABLE I. Measured position and FWHP (cm ') at 6 K of the fundamentals (co&) and overtones (co2)
of some hydrogen-acceptor complexes in InP and GaAs. I2/I& is the experimental overtone-
fundamental intensity ratio.

Mode FWHP FWHP

PH;Be
PD;Be
PH;Zn
PD;Zn
PH;Cd
PD;Cd
AsH;Zn
AsD;Zn

2236.49
1630.85
2287.71
1664.52
2332.42
1695.40
2146.94
1549.05

0.43
0.2
0.23
0.08
0.12
0.10
1.8
0.9

4487.80
3283.34
4580.20

4216.7

0.56
0.14
1.0

3.7

0.009
0.007
0.006

0.005
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complexes are smaller than those of the corresponding H
complexes and this difference is related to the mass
dependence of the amplitude of vibration of the hydrogen
atom. For this reason, the intensities of the PD modes
are weaker than those of the corresponding PH modes
for the same concentrations.

The first overtones of the PH;Zn, PD;Zn, and AsH;Zn
modes have already been reported' and those of the
PH;Cd modes have also been observed. The ratio of the
intensity of the first overtone to the fundamental is
-0.01 or less. The positions and FWHP's of the over-
tones are given in Table I with the ratio I2/I, of the in-

tensities of the overtone to the fundamental. The in-
tegrated intensity of the PH mode is proportional to the
Zn concentration. The optical calibration coefficient be-
tween the concentration of H-Zn complexes and the in-
tegrated intensity I of the mode is given by

6

z
U

0
U
z0

0

2272.0

1 I

2248.0

0.005 cm-&

2274.0

I I 1 I
I

I 1 I

2250.0 2252.0 2254.0

WAVE NUMBER (crn-&)

InP:Fe

5K

2256.0

[H-Zn](cm ) =(2.0+0.2) X 10' I(H z„)(cm ) . FIG. 1. Absorption of PH modes produced in a sample from
crystal 1 by annealing at 600'C. The resolution is 0.013 cm

2. The 0 modes in InP:Fe

Many lines in the 2200 —2300-cm ' spectral region are
observed in InP:Fe. They are globally attributed to PH
stretching modes in different complexes. In the samples
studied, some lines were observed only after annealing at
600'C or 650 C and they are noted with an asterisk in
Table II. All the H-related lines in InP:Fe are weak ex-
cept that at 2316 cm '. Some of the lines of Table II
were observed only in one sample. They reAect the oc-
currence of intrinsic H-related complexes and of residual
H-impurity complexes that can differ from one sample to
the other. The line at 2250 cm ' and the 2254-cm
doublet are observed with the same intensity ratio in the
samples investigated (Fig. 1). They are observed in all
the InP:Fe samples under appropriate conditions and
should be related to intrinsic centers. The lines at 2306,
2307, and 2311 cm ' shown in Fig. 2 have been observed
for the first time in samples 1, 2, and 3 and they could be
related to one or more extrinsic centers. The line at 2288
cm ' is due to a PH;Zn mode. ' The presence of Zn as a

residual impurity in InP:Fe has been noted previously
and from the above calibration coefficient, the concentra-
tion of residual Zn complexes in sample 1 is —3X10'
cm 3. In LEC SI InP:Fe samples, the existence of (H, Fe)
complexes has not yet been established. The line at
2285.7 crn ' could be related to such complexes, ' but its
occurrence would be Fermi-level dependent.

The presence of complexes with the heavy Hg acceptor
is not excluded and they could be related to the weak
lines at 2322 or 2333 cm '. The line at 2316 cm ' is
especially intense and it was possible to observe its first
overtone with an intensity ratio of 0.004 (Fig. 3). In the
as-grown samples, the 2203-crn ' line and other weak
H-related lines were not observed. They appeared only
after annealing at 600 C or above or in the substrates of
the InP:Zn layers. This could be due to the growth con-
ditions or to the location of the samples in the crystal as
the 2202-cm ' line has been seemingly observed in other
as-grown samples. This line has been previously as-

TABLE II. Position and FWHP (cm ') at 6 K of lines in the spectral domain of the PH modes in

the SI InP:Fe samples investigated (Nos. 1, 2, 3, and 4). Some of these lines have been previously re-

ported in Ref. 2. The asterisks denote lines observed after annealing. Attributions are given in

parentheses. The overtone of the line at 2316 cm ' is observed at 4547.49 cm '. Its FWH is 0.04 cm
and its intensity with respect to the fundamental is 0.004.

Position

2332.90

2322.12
2315.62
2311.27
2307.27
2306.83
2304.15
2303.18
2302.54

FWHP

-03

-03
0.03
0.09
0.05
0.04

-0.1

-01

Remarks

Weak, No. 1

Weak, No. 2
Ref. 2
Medium
Medium
Medium
Weak, No. 2
Weak, No. 2
Weak, No. 2

Position

2287.71

2285.69
2282.8*
2273.43*
2254.78
2254.65
2250.76*
2236.19*
2202.39*

FWHP

0.23

0.12
—1

0.07
0.05
0.05
0.05

-01
0.015

Remarks

Ref. 2, Nos. 1 and 4
(PH;Zn)

Ref. 2, Nos. 2 and 3
Ref. 2
Ref. 2
Ref. 2
Ref. 2
Ref. 2

Weak, No. 1

Ref. 2
( ~g„(PH) )
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InP:Fe
5K

0.05 cm-&

I
J

I I I I cribed' to an In vacancy ( V&„) "decorated" by a single H
atom. It is labeled here V,„(PH). Weak lines were also
observed in the PH bending frequencies region (Fig. 4).
Those near 1050 cm ' are related to at least two di6'erent
centers. One set is observed in all the InP:Fe samples.
They seem to have a vibrational origin. The lines at
942.7 and 999.9 cm ' were observed in sample 2. There
seems to be no relationship between these lines and those
in the 2200 —2340-cm ' region so that they cannot be at-
tributed to PH bending modes.

I I I

2302.0
I J I I I I I I I I I

I
I I

2306.0 2310.0 2314,0 2318,0 B. Temperature dependence of the H-related modes
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P

0
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I I
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4 I I I

I I
J

I I I

WAVE NUMBER (cm-l)

FICx. 2. Absorption of PH modes related to native complexes
in a sample from as-grown crystal No. 2. The lines near 2307
and 2311 cm ' are also observed in samples from crystals 1 and
3 ~ The peak intensity of the line at 2316 cm ' (truncated) is
12.4 times that of the line near 2311 cm . The resolution is
0.013 cm

1. The H- and D accepto~ comp/exes

When temperature is raised from LHeT, the PH; ac-
ceptor modes shift to lower frequencies and broaden as
shown in Fig. S(a) for the PH;Cd mode. The modes are
barely discernible above 150 K; however, no satellite line
like the one for SiH;Al and SiH;Ga in silicon' is ob-
served when temperature is increased. Figure 6 shows
the temperature dependence of the FWHP's and of the
position of the PH;Zn, PD;Zn, and PH;Cd modes. The
solid lines correspond to fits that will be discussed later.

PH; Cd

4547.0 4548.0

WAVE NUMBER (crn-~)

FIG. 3. Overtone of the PH mode at 2316 cm '. The resolu-
tion is 0.02 cm
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FIG. 4. Absorption at 6 K (resolution 0.1 cm ') in a sample
from crystal 2 in the three-phonon region of InP. Note the lines
at 942.6 and 999.9 cm '. The inset (resolution 0.4 cm ') shows
the 1050-cm ' region. The most intense lines are at 1038.5,
1068.9, and 1073.6 cm

2300.0 2310;0 2320;0

5K
L I I

2330.0

WAVE NUMBER (cm-~}

FICx. 5. Di6'erence between the temperature dependences of
two PH modes: (a) the PH;Cd mode in InP:Cd and (b) the PH
mode of the 2316-cm ' line in InP:Fe.
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FIG. 6. (a) Acceptor and hydrogen isotope dependence of the
temperature shift of the P-hydrogen modes of (acceptor-
hydrogen) complexes in InP. (b) The same for the FWHP
(cm '). The solid lines are three-parameter fits using the ran-
dom vibrational dephasing model.

FIG. 7. (a) Shift with temperature of the V&„(PH} mode and
of the fundamental (m&) and overtone (co2) frequency of the PH
mode in V&„(PH)4 {the 2316-cm ' line). (b) The same for the
FWHP's. The solid lines are three-parameter fits using the ran-
dom vibrational dephasing model.

The broadening (like the FWHP at LHeT) is acceptor
dependent and rejects the interaction of the H atom with
the lattice. For instance, the FWHP of the PH;Cd mode
at 6 K is smaller than that of the PH;Zn mode (0.17 and
0.23 cm ', respectively) but at 120 K, the order is invert-
ed (4.9 and 2.2 cm ', respectively). The shifts are small

up to -20 K and at high temperature they are practical-
ly linear with temperature. There is a correlation be-
tween the shift and the broadening of the modes and the
amplitude of vibration as evidenced by the smaller values
measured by PD;Zn compared to PH;Zn.

2. The SI modes in InI"Fe

The shift and broadening of these modes with tempera-
ture are smaller than those for the PH; acceptor modes
[Fig. 5(b)]. The shift of the line at 2316 cm ' is shown in
Fig. 7(a). The shift of the overtone at 4548 cm ', also
shown in this figure, is about twice as large as that of the
fundamental. This is related to the amplitude of vibra-
tion of the H atom. The temperature dependences of the
FWHP's of the fundamental and of the overtone [Fig.
7(b)] show the same trend. The shift with temperature of
the V,„(PH) mode is comparable to that of the line at
2306.8 cm '. Exceptions are the lines at 2251 and 2306.9
cm ' that broaden rapidly and cannot be observed in our
samples above 40 K. The lines near 2250 cm ' shown in
Fig. 1 have a positiue temperature shift. A similar obser-
vation has been made for some OH and NH modes in
Gaas. "

C. Piezosyeetroscopic results

I
' ' ' &

[
I I I

E

z
U

0
U
z0

0

40 crn-]

PH;Zn-

c // I100j-

2284.0 2289.0 2294.0

WAVE NUMBER (cm-&)

FIG. 8. Shift of the PH;Zn mode at 8 K for a stress of 400
M» app»ed»ong a (1(x)) direction. The line for E~~a has
been displaced for clarity. The FWHP's are 0.5 cm '. No
significant difFerence is observed between the two polarizations.
The dotted line is at the zero-stress frequency of the mode.

The PH;Zn mode

a. Stress along I100$ The fr'eque. ncy of the mode shifts
with stress and no polarization effect is observed, as seen
in Fig. 8.

b. Stress along /110'. When the propagation vector k
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2295.0

of the radiation is along [001], the mode splits with stress
into two fully polarized components (the high- and low-
energy components, respectively, are E~~o and Elcr ). '

Their splitting is (10.4+0.9) cm /GPa. The ratio of
the intensities of the two components is near unity. For a

2293

2291

2289

FIG. 9. Splitting of the PH;Zn mode at 8 K for a stress of
273 MPa applied along a (111)direction. The resolution is 0.1

cm '. A small misorientation of the polarizer is responsible for
the observation of the weak high-energy component for Elo..

stress of -0.3 GPa, the FWHP of the Elo. component is
the same as that at zero stress, but the FWHP of the E~~o.
component is about two times larger. For the 0 isotope,
the qualitative features are the same as those for H„but
the splitting reduces to (7.5+0.7) cm '/GPa. The ratio
of the splittings of the PH and PD modes (1.39) is compa-
rable to the ratio of the corresponding frequencies as ex-
pected for a mode involving primarily the motion of a hy-
drogen atom. For k~~ [110],two components of compara-
ble intensity are observed for Elo. .

c. Stress along jillJ. The mode splits into two com-
ponents (Fig. 9). For E~~o. , the measured ratio of the in-
tensities of the high- to low-energy component is -3.0.
Their splitting is (15.0+ l. 3) cm /Gpa.

These results were obtained at 8 K and they are sum-
marized in Fig. 10. A measurement performed at 75 K
for o ~~[110] produced comparable splitting coefficients.
The reorientation energy of the P-H bond of the PH;Zn
center among the four equivalent orientations has been
measured from the temperature-dependent annealing of
the stress-induced dichroism. This energy is 0.8 eV, as-
suming that the recovery is a first-order process. '

2. The I'H-related lines in SI InI':I e

The e6'ect of uniaxial stress has been studied in detail
for the V,„(PH) mode and for the 2316-cm ' lines. The
effect of a stress splitting on the V,„(PH) mode has been
previously mentioned.

a. Stress along j100J. As shown in Fig. 11(a), the
V,„(PH) mode shifts with a negative slope and no polar-
ization eAect is observed. For the 2316-cm line, a
small splitting is observed that is beyond experimental
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e // [110]

2290

2289

2288

2317.5

E
2316.5

z

a /I [001]

2287

1667
2315.5
2202.7

1666

1665

1664 I

100
I

200
STRESS {MPa)

I

300 400

FIG. 10. Shift with stress at 8 K of (a) the components of the
PD;Zn mode for o ~~[110], and k~~[001), (b) the components of
the PH;Zn mode for cr]][110] (k(([001]) and o [[[100],and (c)
the components of the PH;Zn mode for o ~~[111] (ordinate scale
divided by 2).

2201.7
0

I

100
I ~, ~ t ~ a

200 300 400
STRESS (Mpa)

500

FIG. 11. Shift with stress at 8 K of PH modes in InP:Fe for
crt~[001]: (a) The V,„(PH) mode. No detectable splitting is ob-
served between the two polarizations within experimental accu-
racy. (b) For the 2316-cm ' line, two components are observed
under the same conditions. The resolution is 0.1 cm for (a)
and (b).
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FIG. 12. Shift with stress at 8 K of PH modes
' I P.Fmo es in InP:Fe for

~~[ ]: (a) he V,„(PH) mode for k~~[001]. (b) The 2316-
cm ' line for k~~[001] and k~~[110].

FIG. 14. Shift with stress at 8 K of PH modes in InP:Fe for

cr~~[l1 1]: (a) The V,„(PH) mode and (b) the 2316-cm ' line.

uncertainty and the slope of the Ele o. component is larger
than that of the E~~cr component [Fig. 11(b)].

b. Stress along /110/. The V,„(PH) mode splits into
two components and their polarizations are the same as
those for the PH;Zn mode b t th h' hu e ig -energy corn-
ponent is observed for Elo (Fig. 12). For k~~[001], the
2316 cm ' line also s 1'p its into two fully polarized corn-
ponents. For k 110 u, this line splits again into two full
polarized components but the on f Elne or o. is a new com-
ponent with a stress dependence that is intermediate be-

tween those of the components for k~~ [001] (Fig. 11 . The
polarization-dependent splitting of the 2316-cm ' line

'

shown in Fig. 13.
o e -cm hne is

c. Stress alon 111 .
ponents (Fi . 14 . T ' ' 's oun e-

g J. The two lines split into two
ig. ). There, again, a difFerence is found be-

tween the V&„(PH) mode and the 2316-cm ' line
the latter, the two corn

e -cm line, as for
r, e wo components are fully polarized. No di-

chroism is observed for the 2316-cm
V (PH' m~I mode when the stress is applied at room tern er-
ature and the sample cooled under stress '

I 1 I
I

' ' ' '
I

I

E // [1TO]
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Inp:I e
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IV. DISCUSSION

A. The fre frequencies and the linewidths at 6 K

1. The M-H-acceptor complexes in GaAs and InP
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I I I I I I I

2315,O 2316.Q 23I7.0 2318.0

WAVE NUMBER (cxn-&)

FIG. 13. S littinp 'tting of the 2316-cm line at 8 K for cr~~[110].
—1

For E~~ [110]and E(([110],the stress is 293 MPa. For E'~'001'
the stress is 295 MPa.

a. or II,001 ~,

The frequencies of the H modes indicate that th H
atom of the athe acceptor complex is mainl bonded

a e

group-V atom. ThThe most probable location of the H
atom is then between the group-V t d ha om an t e acceptor.

the
ts ocation is called bond centered (BC) d

'
an it explains

e neutralization of the acce tors ' '

mode with
uencyo t e H

some kind of confinement of the H bond by the acce tor.
The FWHP of the PHo e; acceptor modes decrease from

on y t e acceptor.

PH; . '
o e mode must de-PH;Be to PH;Cd. The width of the PH

pen on the interaction between the H at d h
p or. is interaction can be translated into a weak
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force constant between the two atoms. It can depend on
(i} the distance between the H atom and the acceptor, (ii)
the amplitude of vibration of the H atom, and (iii) the
electronic interaction between the acceptor and the H
atom. It seems that the H-acceptor distance alone does
not play an important role in the broadening of the mode.
If this were the case, we would expect the PH;Cd mode
to be the broadest because the confinement is the strong-
est for this pair. Now this mode is the sharpest (Table I).
The interaction between H and the acceptor would cer-
tainly be reduced if the P-H bond was pushed out from
the (111)direction to reduce the interaction between the
H atom and the acceptor. This displacement, however,
would reduce the frequency of the mode by reducing the
confinement of the H atom; it is also possible that hin-
dered rotation of the P-H bond about the (111) axis
would produce temperature-dependent satellites. These
two consequences are against the experimental evidence
and we conclude that the P-H bond remains along the
(111) axis. The last cause lies in the electronic proper-
ties of the acceptor or in its difference of electronegativity
with H. A correlation can be made between the FWHP
of the PH; acceptor mode and the binding energy of the
H-acceptor molecule. For these diatomic molecules it is
found that the binding energy decreases from H-Be to
H-Cd. This interaction decreases in the same direction as
the FWHP of the PH modes. From this, we are led to as-
sume that the low-temperature FWHP of the PH; accep-
tor modes is mainly related to the electronic aftinity be-
tween the H and acceptor atoms and not to a steric effect
due to the size of the acceptor.

To summarize, from the above results it seems that the
frequency of the modes is related to the size of the accep-
tor atoms through a small change of the P-H bond
length. The larger the size of the acceptor, the smaller
the bond length and the higher the frequency. The
FWHP of the modes seems to be controlled by the elec-
tronegativity difference (or by the screening) between the
H and the acceptor atoms. The increase of the screening
from Be to Cd can thus explain why the PH;Cd lines are
sharper than the PH;Be lines.

B. Discussion of the uniaxial stress results

1. The fH, ZnJ complex'

When compared to the splitting expected for different
defect orientations in cubic crystals, ' it is found that the
patterns observed for the PH;Zn mode match quantita-
tively an orientation of the P-H bond along a ( 111) tri-
gonal axis. This result provides another physical basis to
the initial H complex model. For this symmetry, the four
equivalent orientations of the P-H dipoles are labelled I,
II, III, and IU for [111],[111],[111],and [111], re-
spectively. For a stress in a (110) plane making an angle
8 with the [001] axis, the splitting 5 per unit stress of the
modes with different orientations can be expressed by two
piezospectroscopic parameters 2

&
and 32..

5&(8)= A, + A2 sin8( sin8+2V2 cos8),

5„(8)= A, + A z sinO( sin8+2&2 cos8),

5m(8) =5iv(8) = A i
—A2 sin'8 .

The average values of the parameters 2
&

and A z for the
PH;Zn mode are close to the ones reported before. ' For
the AsH Be mode in GaAs, values of 5 0 and 6 5
cm '/GPa for A

&
and A2 were reported and for Si-H;

8, larger coefficients were found (A& =12.7 cm '/GPa
and A 2

= 13.5 cm '/GPa). It is found that the fre-
quency of the PH bond parallel to the stress increases.
This is consistent with a small reduction in the P-H bond
length when the H and Zn atoms are pushed against each
other. This produces an increase of the interaction be-
tween these two atoms which must also be one cause of
the broadening of the components for E~~o. The reorien-
tation energy of the P-H bond of the PH;Zn center (0.8
eV) is notably higher than the one for AsH;Be in GaAs
(0.4 eV) or for SiH;B in silicon (0.2 eV). A crude correla-
tion can be made with the H-acceptor distance and the
H-acceptor electronegativity difference in these three
semiconductors. It seems to show that the higher the H-
acceptor interaction, the lower the reorientation energy.

2. The 2316 cm -line and the V& (PH1 mode

The stress behavior of the 2316-cm line is different
from that for a singly degenerate stretching mode with
trigonal symmetry. Its splitting and polarization charac-
teristics are similar to the ones for a SiH mode at 2223
cm ' in proton-implanted silicon. For this SiH mode,
no splitting is observed for o ~~[100]. For o ~~[110] and
k~~110], the line splits into two fully polarized com-
ponents and a third component for k~~ [001]has also been
observed. For o

~~
[111],two fully polarized components

are observed. The 2223-cm line is also observed in sil-
icon growth in a H2 atmosphere. In silicon growth in a
H2+D2 atmosphere, four new lines are observed in the
same spectral region. They are ascribed to Si-H bonds
whose frequencies are perturbed by Si-D bonds in a
center with several equivalent Si-H bonds: when the H
atom of one of these bonds is replaced by a D atom, the
symmetry and the environment are changed and the fre-
quencies are altered. The coimplantation of silicon with
protons and deuterons reveals the presence of another
new line near 2223 cm ' not seen in silicon implanted
only with protons. The existence of six different SiH
stretching frequencies associated with this center in sam-
ples containing H+D suggests a combination of Si-H and
Si-D bonds corresponding to a center with tetrahedral
symmetry containing four Si-H bonds. It could be an in-
terstitial SiH4 (silane) molecule or a vacancy "decorated"
by four H atoms ( V(SiH)z}. It must be pointed out that
no bending mode of the Si-H bond related to this center
has been reported.

Centers with cubic symmetry containing four
equivalent X-H bonds are analogous to spherical tops
LH4 molecules. Two different XH stretching modes are
expected: a symmetric Raman active "breathing" mode
and a triply degenerate mode that is infrared and Raman
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f/~"')=f cos g+f sin g (2)

where f
~~

and f~ are the changes in the effective force
constant for a stress parallel or perpendicular, respective-
ly, to the direction of the bond and 0 is the angle between
bond i and the direction [hkl]. By comparing the pertur-
bation induced by the uniaxial stress through the change
of the force constants and the piezospectroscopic param-
eters, it is found that A and C are proportional to
(f~~+2fj )/6 and (f

~~

f~)/3, resp—ectively, and that
B =0. In Table III, the splitting between the two com-
ponents for o ~~[001] is 3Bo and this correlates with the
absence of splitting of the 2223-cm line in silicon for
that orientation of the stress.

If it is assumed that the 2316-cm ' line in InP:Fe is
due to the triply degenerate PH mode of a V,„(PH)~
center, the consequences are (i) no splitting for o.~~[001],
(ii) the same value of the splitting (Co ) for o ~~[111]and
between the E~~[110] and K~~[110] components for
o.

~~
[110], (iii) three fully polarized components for

cr
~~
[110],and (iv) full polarization of the components for

o ~~[111]. Experimentally, a very small splitting is ob-
served for Irk~[001] (Fig. 11) from which B = —0.06
cm '/GPa is obtained. This splitting can be due to the
small anharmonicity measured for the PH bond. The
splittings measured for cr ~~[111]and between the E~~ [110]
and E~~[110] components for sr~~[110] are 3.4 and 3.3
cm '/GPa, respectively. The experimental data show

active. The stress-induced shifts and splittings of a triply
degenerate mode for a cubic center in a semiconductor
with diamond or zinc-blende structures are given in
Table III for simple stress directions. They are expressed
as functions of A, B, and C that are piezospectroscopic
parameters similar to A, and A2 for the trigonal defects.
In the present case, however, the stress splitting is related
to vibrational degeneracy and there is no orientational
degeneracy. A treatment of the effect of a uniaxial stress
on the A.'H stretching force constants for a center with
tetrahedral symmetry is made in Ref. 24. It is based on
the harmonic approximation but it is valuable as it pro-
vides a more direct insight than the phenomenological
model using the piezospectroscopic parameters. The
change of the effective force constant of one of the four
XH bonds of the center (i, for definiteness) for a stress
along a [hkl] direction is

that, for cr ~~[110], three components are indeed observed
with the expected polarizations (Fig. 12) and that, for
o ~~[111], the two components are fully polarized (Fig.
14). These observations seem to show that the 2316-
cm ' line is due to the triply degenerate PH stretching
mode of a V&„(PH)4 center ( V&„(PH)& mode ). For a cu-
bic center, no stress-induced dichroism is expected as no
change of population is possible and no dichroism is
found experimentally either for the 2316-cm ' line. The
similitude between the stress behaviors of the V,„(PH)4
mode in InP and the 2223-cm line in silicon favors for
the latter an attribution to a V(SiH)„center rather than
to an interstitial silane molecule. The V,„(PH)4 centers
are also produced by proton implantation in InP.
Coimplantation of protons and deuterons have been
made in InP:Fe to try to detect PH modes in centers con-
taining one or more P-D bonds. With the previous attri-
bution, up to six such PH modes should be observed near
2316 cm '. The spectra of the coimplanted samples
show a decrease of the intensity of the V,„(PH)4 mode,
but the broadening of the vibrational lines in the implant-
ed samples and the interference fringes due to the im-
planted layer prevent definitive conclusions.

It has been suggested recently that the 2316-cm
line was due to a normal P atom bonded to two H atoms
each in a BC site with a nearest-neighbor In vacancy
(V,„2(PH2)). This complex which involves some kind of
split divacancy should display a C2, symmetry and would
produce two distinct PH stretching modes. This point
and the stress splitting expected contradict experimental
evidence and we discard this attribution.

The splitting of the V&„(PH) mode under a uniaxial
stress indicates a P-H bond oriented along a ( 111) axis
with

A, =( —0.9+0.3) cm '/GPa

and

A2=( —1.8+0.6) cm '/GPa .

When the stress is applied parallel to the bond, the fre-
quency of the corresponding mode decreases. This
behavior has been observed ' for the Sio,-H bond in hy-
drogenated n-type GaAs:Si. There, the H atom is in an
interstitial site symmetrical from the BC site along a

TABLE III. Lifting of the vibrational degeneracy of the singlet~ triplet mode of a cubic center in a
cubic crystal. The shift 5 per unit stress is expressed as a function of the piezospectroscopic parameters
A, B, and C. The polarization ratios of the components for E]~ (I~~ ) or E~ (I& ) to the stress is indicated.

Stress parallel to

[100] A —B
3 +2B

2 —C/3
2 +2C/3

0:1
1:0
0:1
1:0

Stress parallel to

A +B/2+C/2
2 +B/2 —C/2

2 —B

kii [110]

1:0
0:0
0:1

k
f/ [001]

1:0
0:1
0:0
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TABLE IV. Piezospectroscopic coe%cients (cm /GPa) at 8 K of PH modes in InP. The values in
parentheses are for weak lines that seem to correspond to trigonal centers.

Trigonal symmetry
Mode or line Ai

PH;Zn
PD;Zn
V,„(PH)

2306.9 cm
2307.2 cm
2311 cm

4.1

3.1
—0.9

(2.6)
(2.7)
(2.1)

5.1

3.7
—1.8

(0.9)
(1 ' 1)

( —0.3)

Mode or line

2316 cm 3.5

Tetrahedral symmetry
8

—0.06 3.3

(111}direction. This location is termed antibonding
(AB). The stretching frequency of AB hydrogen is lower
than the corresponding BC frequency. For a stress along
( 111}, the antibonded H atom is pushed toward a
tetrahedral interstitial position and the frequency is
found to decrease. One of the consequences of this AB
location is that the bond is free to wag at a lower frequen-
cy, giving a doubly degenerate mode. No wag mode can
be related to the 2203-cm line and this implies that the
H atom of the mode is not in an AB location. This is the
situation of a H atom "decorating" an In vacancy
(V,„(PH)). This complex displays a trigonal symmetry,
but the stress along the bond pushes the H atom toward
the tetrahedral vacancy site so that the frequency is also
expected to decrease. This structure has been proposed
previously for this defect.

The P-H bond of the V,„(PH) center can reorient since
there are four equivalent orientations of the P-H bond.
The absence of dichroism in this mode for stresses ap-
plied at room temperature implies a reorientation energy
larger than 1 eV. The piezospectroscopic coeKcients of
the different centers or lines investigated are given in
Table IV.

C. The anharmonicity

1. The anharmonrc potential

The anharmonicity of the vibration of a chemical bond
is an intrinsic property of the bond. It means that for
some excitation level, the bond dissociates. For isolated
diatomic molecules, the determination of the anharmoni-
city parameters allows an estimation of the dissociation
energy. For the X-H bonds considered here, the situation
is different because one of the atoms is bonded to atoms
of the crystal and because it can be dificult for a BC H
atom to escape along the X-H bond. For this reason, it
seems unreasonable to derive a dissociation energy from
an analysis of the low-temperature anharmonic effects ob-
served, but we can try to obtain information on the in-
teraction between the H bond and the lattice. %'e first

discuss briefIy the anharmonic Morse potential.
For a one-dimensional oscillator with reduced mass p

vibrating at frequency v (Hz) with amplitude x, the har-
monic potential is 2~ v px . By introducinz the dimen-
sionless variable g=x/t', where t'='t/(h/4m pv), and
expressing the frequency co=v/c in wave-number units
(cm '), the harmonic potential in cm ' is Vz(g)=~/ /2.
With the preceding notation, the Morse potential is

V (g)=V, [1—exp( —a g)] —V, (3)

where the dimensionless parameter aM is Q(to, /2V, q).
The quasiexact eigenvalues of the vibrational Hamiltoni-
an with the potential (3) are

AM(v) =co, (v + —,
'

) —co,x, (v + —,
'

) (4)

The overtone-fundamental intensity ratio calculated for a
Morse potential is

(I2/I, )M =x, (1—Sx, )/(1 —3x, ) -x,
if the dipole moment is taken to be linear in g (no electri-
cal anharmonicity).

2. The anharmonicity parameters deduced
from the overtone data

The values of the anharmonicity parameters are given
in Table V. Parameter x, has been measured for As-H
and P-H bonds in the gas phase (0.0182 and 0.0184 for
dimethylarsine and dimethylphosphine, respectively ).
The comparison with Table V seems to indicate that the
bonds we are considering in the solid phase are indeed
As-H and P-H bonds. An origin of the small difference
between the anharmonicity of the As-H;Zn and P-H;Zn
bonds in GaAs and InP can lie in the relative values of

where x, =co, /4V, q
is an anharmonicity parameter, like

cu, and V, . The fundamental and first overtone are
co, =toM(1) —AM�(0) and co2=coM(2) —co~(0); hence,

e 3' i —coz and

x, =(2coi —A@2)/2(3', —co~) .
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TABLE V. Anharmonicity parameters at 6 K of some hydrogen bonds in InP and GaAs calculated
from the overtone data. V,q is independent of the hydrogen isotope. (I2/I, )~ is the overtone-
fundamental intensity ratio calculated from (5).

P-H or As-H
bond in

PH;Zn
PD;Zn
PH;Cd
PD;Cd
AsH;Zn
AsD;Zn
V,„(PH)

'Calculated.

(cm ')

2375.33
1710.22
2417.16
1739.23'
2224. 12
1588.4'
2399.25

(X10 )

1.844
1.337
1.751
1.26'
1.735
1.24'
1.743

Veq

(eV)

3.99
3.97
4.28
4.28
3.97
3.97
4.28

(I2/I 1 )M

0.019
0.014
0.018
0.013'
0.018
0.013'
0.018

the X-H atoms and III-V atom distances: The P-H bond
is smaller than the As-H bond, but the relaxed P. . .Zn
structure is longer than the As. . .Zn structure. There-
fore, the H atom is less compressed in InP than in GaAs
and this must allow for more anharmonicity of its vibra-
tion in InP. This seems to be confirmed by the reduction
of x, for P-H;Cd because of the confinement produced by
the Cd atom that is larger than Zn. The anharmonicity
parameters of the P-H bond associated with the 2316-
cm ' line could be measured up to 200 K and for this
particular bond, x, is found to be the same as at 6 K.
The overtone to fundamental intensity ratios predicted
from expression (5) can be estimated from the x, values
in Table V and they are larger than the experimental ones
(Table I). Differences between the calculated and experi-
mental intensity ratios have been observed for different
OH oscillators and they have been attributed to the
electrical anharmonicity of the dipole moment. ' In
the case of OH in CsC1, the intensity ratios calculated
using (5) are smaller than the experimental ratio by a fac-
tor of 200, but for the same oscillator in NaF:Mg, the cal-
culated ratio is larger by a factor of 2 than the experi-
mental one. Detailed calculations of the dependence of
the dipole moments of the OH and SH oscillators on
the interatomic distance exist, but not for PH, and the
present work can stimulate such a study for PH and AsH
oscillators.

3. Comparison with the parameters deduced
from the isotropic combinations

When one atom of an XH oscillator is replaced by an
isotope, expression (4) reads

co[XH];(u) =RE, (u + —,
'

)
—R tu, x, (u + —,

'
)

where R =pip;. When the frequencies of the funda-
mentals for XH and for [XH]; are known, one can also
calculate anharmonicity parameters independently in the
isolated oscillator approximation (IOA), i.e., for bare re-
duced masses. In this approximation, the values of x, for
Be, Zn, and Cd acceptors in GaAs and InP are given in
Table VI. The values of x, ( V,~ ) obtained in this way are
generally larger (smaller) than the ones derived from the
overtone measurements. This is because the interaction
of the oscillator with its surroundings that was implicitly
included in the former case is neglected in the latter.
Therefore, it seems that the larger tne difference between
the values of x, determined by the two methods, the
larger the interaction between the bond and the lattice.
The relation between the x, derived in the IOA and the
FWHP's must be considered with care when comparing
centers with different structures. For instance, from the
published data of proton- and deuteron-implanted
InP:Fe, one can calculate x, in the IOA for V,„(PH) and

V,„(PH)~ at 77 K and the values should not differ greatly

TABLE VI. Anharmonicity parameters x, and V,q
at 6 K calculated from the hydrogen isotopic

shift with expression (7) in the isolated oscillator approximation.

P-H or As-H
bond in

PH;Be
PH;Zn
PH;Cd

FWHP
(cm ')

0.43
0.23
0.12

2.606
2.247
2.087

V,q

(eV)

2.81
3.30
3.62

x, (Table V)/x, (Table VI)

0.821
0.839

AsH;Be
AsH;Zn
AsH;Cd

3.6
1.8
1.3

2.444
2.273
2.246

2.72
3.07
3.19

0.763
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at LHeT. The values are 0.0244 and 0.0214, respectively.
When the value of 0.0214 for V,„(PH)~ is compared with
0.0174 calculated from the overtone measurements (Table
V), it seems that despite very small FWHP's, the coupling
of these oscillators with their environment is by no mean
negligible.

4. Anharmonicity parameters and interaction
of the osciliator with the crystal

p, [XH] ' = (XMx ) '+ (XHMH ) (8)

for XH and a similar expression holds for [XH], , where

M& and MH are the bare masses of the atoms. The pa-
rameters X, XH (or XD) translate the interaction of the X
and H atoms with the crystal into a change of their mass.
When the interaction between hydrogen and the crystal is
ignored, X is calculated by solving (7) with respect to R.
For AsH;Zn and PH;Zn, the values of y so obtained are
0.64 and 0.85, respectively, from the XE4 and LD data.
This seems to be unphysical as the mass of the X atom
coupled to the crystal is expected to be greater than its
bare mass. Once an interaction of hydrogen with the lat-
tice is postulated, the fit needs an increase of y and it is
very sensitive to the ratio XH/XD. If we correlate the am-
plitude of vibration of the H atom to its coupling to the
acceptor, then yH should be larger than yD. For the PH
and AsH modes, it is not possible to determine separately
X and XH (or XD). It is found that (i) when X'H/XD is
fixed, X is proportional to XH (or XD), (u) XH, XH/XD, and

X vary in the same direction, and (iii) for fixed XH, an in-
crease of gH/yD produces an increase of y. The triplet
(X,XH, XH/XD) fitting the calculated value is not unique.

A value of p/p; taking into account the interaction of
the oscillator with the crystal can be derived from the ex-
perimental ratio

R,„=to,[XH], /co, [XH]=R (1—2Rx, )/(1 —2x, ), (7)

using x, obtained from the overtone measurements. Fol-
lowing the suggestion of Ref. 39, the reduced mass of the
interacting oscillator is written

For instance, a value of X=2 will fit the pair (XH, XH/XD)
for (1.03,1.0134) or (1.07, 1.0131) for AsH;Zn and
(1.03,1.0205) or (1.07, 1.0195) for PH;Zn.

5. The amplitudes of vibration

For an anharmonic potential, the equilibrium position
of the H atom is different from zero. The quantity con-
sidered here to be meaningful of the amplitude of the
motion is the mean-square amplitude &g (v)). For a
Morse potential expanded in a polynomial form to g"
with harmonic-oscillator eigenfunctions corrected to the
second order, "

&gM(u) ) =3+2x, (2u +1)/4,
& gM ( u ) ) = ( u + —,

'
) +x, ( 46u +46u + 15 ) /8 .

(9)

Table VII summarizes the results for the amplitude of vi-
bration of the hydrogen atom for the first vibrational
states derived from the overtone measurements using ex-
pressions (9). As expected, an increase of the mean am-
plitude of vibration with the anharmonicity is observed
and the XH amplitudes are larger than the corresponding
XD ones in both the harmonic and anharmonic approxi-
mations. It has been observed that the FWHP's of the
PH and AsH modes are acceptor dependent or, for the
native complexes, complex dependent. These depen-
dences are related to the environment of the H atom. At
the beginning of the discussion, the low-temperature
FWHP was related to the screening. This certainly holds
true for the fundamental. For the overtone, the mean
amplitude of motion of the H atom increases and size
effects can show up. This can explain why the FWHP of
the PH;Cd overtone is twice as large as that of the PH;Zn
overtone, whereas the order is inverted for the fundamen-
tal. For the acceptor complexes, the FWHP decreases
when H is replaced by D. In that case, the environment
is the same, but the amplitude of vibration is -20%%uo

smaller for the D complex than for the corresponding H
complex. A ratio of the FWHP's proportional to the ra-
tio of the square of the mean-square displacements
&xM ) would give an increase of -2 of the FWHP be-

TABLE VII. Comparison of the anharmonic (index a) and harmonic (index h) amplitudes of vibra-

tion ( X 10 A) at 6 K for dift'erent X-hydrogen oscillators in GaAs and InP (from the bottom v =0, 1,
and 2). They are calculated from x =gZ, using p= 1 and 2 a.m. u. for XH and XD and the experimental

frequency cv, . &x, ) is the shift from the harmonic equilibrium position.

AsH;Zn PH;Zn
X-hydrogen oscillator in

PD;Zn PH;Cd Vq„(PH)4

&x. ) 8.7
5.2
1.7

8.7
5.2
1.7

6.1

3.7
1.2

8.4
5.0
1.7

8.4
5.1

1.7

Q&x.') 22. 1

16.4
9.0

21.5
16.1
8.8

17.3
13.0
7.3

21.2
15.8
8.7

21.3
15.8
8.7

19.7
15.3
8.0

19.1
14.8
8.5

15.8
12.3

7.1

18.9
14.7
8.5

19.0
14.7

8.5
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tween the PD and the corresponding PH mode. This is
the order of magnitude of what is observed. The relation-
ship between the FWHP's and the amplitudes of vibra-
tion in corresponding structures is confirmed from the
study of the OH, OD, and OT (T is for tritium)
modes in rutile (TiO2). In this compound, the
OH /OD ratio of the FWHP is 3.3 and the OD /OT
ratio is 1.9.

D. Analysis of the temperature-dependent eÃects

One contribution to the FWHP of an absorption line is
the finite lifetime of the excited state. The XH oscillator
can relax to the ground state by emission of lattice pho-
nons, but for high-frequency modes, this process is not
very e%cient because of the relatively high number of
phonons that must be emitted simultaneously (-7 to 8
for GaAs or InP). Another possibility is the emission of a
photon, but the radiative lifetime for these states is not
known. ' During its lifetime in the excited state, the
number of periods of an XH oscillator can be very large
( —10 —10 ). It has been assumed that the width of the
high-frequency line is actually controlled by the dephas-
ing of the oscillation without deexcitation (random vibra-
tional dephasing). This dephasing is caused by a
temperature-dependent exchange interaction with the
low-frequency excitations of the medium (lattice phonons
or possible low-frequency excitations of the XH bond).
From an analysis of the temperature shifts and broaden-
ings of the stretching modes of C-H and C-D bonds of
tetramethyl-benzene (durene) between 10 and 200 K us-
ing this model, it was found there that coupling occurred
between the stretching modes and a low-frequency mode
of the molecule with a quasiexcitonic character. The
temperature dependences of the SiH modes on (111) sil-
icon surfaces and of bulk CH modes in GaAs have also
been analyzed within this framework. ' Sketchily, one
starts from a high-frequency absorption of a XH stretch-
ing mode with a Lorentz profile peaked at co,ff with a
FWHP I (T) at temperature T. When using the Bose-
Einstein statistics for the quantum oscillators, the shift
Aco Q)eff Q)LT of the XH mode with frequency ALT near
0Kis

Ace =5co/[ exp(coo/k~ T) 1], — (10)

where coo is the frequency of the low-frequency mode
with lifetime ~ and 5co the coupling constant. The cou-
pling constant 5m can be positive or negative depending
on the repulsive or attractive nature of the interaction be-
tween the two modes. The increase b, l =I (T)—I o of
the FWHP with temperature (I o is the residual FWHP
near 0 K) is

b, I =2(5co) cr exp(coo/k&T)/[ exp(coo/k&T) —1] . (11)

y=1/c~ can be considered as the width of the low-
frequency mode coupled to the XH mode. The two above
expressions have been used to analyze the experimental
data. The analysis is justified if 6~ &(y.

The temperature dependence of the frequencies and
FWHP's of the PH;Zn and PD;Zn modes can be fitted
with the same values ceo =61+3 cm ' and y =45+5

cm ' but with interaction coefIicients 6coH and LoD, re-
spectively, equal to —3.8 and —2.9 cm '. The value of
coo is independent of the hydrogen isotope and we here
identify ~o as the frequency of a TA phonon at the I.
point of the Brillouin zone. For PH;Cd, a fit can be ob-
tained for ~o=50 cm ', y=30 cm ', and 5m= —5.0
cm '. Here again, a TA phonon at the X point of the
Brillouin zone seems to be the best candidate.

It is found that the fundamental V&„(PH)4 mode cou-
ples to a mode coo at 136 cm ' with y =30 cm ' and an
interaction constant of —2.6 cm '. This low-frequency
mode can be ascribed to a 2TA(L)-phonon combination.
Its overtone can be observed up to 150 K and the above
analysis indicates a coupling with a 2TA(L) combination
(coo=99 cm ') with y=55 cm ' and 6co= —3 cm
The above fits are represented by the solid lines in Figs. 5
and 6 and they seem to give a fair representation of the
temperature dependences.

The coupling of Bc complexes of H with TA lattice
phonons has been found for CA,H;Ga and NA, H;X in
GaAs. ' We do not know if this specific coupling can
be correlated with the structure of the center. This is
also true from the two-phonon combination that has been
found here to be associated with centers involving a lat-
tice vacancy. The value of y is assumed to be related to
the phonon or to the phonon combination mean lifetime
~. The values of ~ derived from the vibrational dephasing
model are of about 1 ps. This value is weighted in a
broad temperature range so that it cannot be compared
simply with a value obtained at a given temperature. The
rather high value of y car be also related to the contribu-
tion of phonons with a broad distribution of wave vec-
tors. The above coupling model does not seem to be valid
to describe the coupling of the XH mode with a high-
frequency bending mode at frequencies within the TO-
phonon range or higher because such a mode is a local-
ized mode and this can be a pitfall of this model.

V. CONCI, USION

The trends in the frequencies and the FWHP's of the
fundamental PH; acceptor stretch modes in InP are attri-
buted to the size of the acceptor for the frequencies and
to electronegativity differences for the FWHP's. The
smaller FWHP's of the corresponding PD; acceptor
modes are related to the smaller amplitude of vibration of
the D atom.

Despite the fact that lines attributed to (H, Mn) and to
(H, Ti) complexes' were not observed here, a great num-
ber of PH-related lines have been observed. Two lines re-
lated to PH-vacancy complexes have been identified with
a reasonable certitude and another is due to a residual
(H, Zn) complex. The existence of other sharp lines indi-
cates the presence in InP:Fe of centers whose structures
remain to be elucidated. The very weak and relatively
broad lines at 2322 and 2333 cm ' could be due to H
complexes with residual heavy acceptors like Ag and Hg,
but confirmation is needed. By comparison with the in-
tensity of the PH;Zn mode that has been calibrated, the
concentration of these complexes would be in the 10'—
cm I ange.
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The trigonal symmetry of the PH;Zn and PH;V, „(PH)
centers is clearly identified and the negative piezospectro-
scopic coefficients of V,„(PH) are consistent with the
presence of a vacancy in the center. The stress splitting
of the line at 2316 cm ' in InP:Fe indicates that this line
is due to a triply degenerate PH mode in a center with
cubic symmetry. It is identified with Vi„(PH)~. A vacan-
cy "decorated" by four H atoms seems thus to be a stable
structure in InP as well as in silicon. The 2316-cm line
is not observed, however, in LEC p-type material. This
could be explained by a Fermi-level dependence of the
charge state of hydrogen: if only protons are present in
the p-type material, covalent PH bonds will not form
with VI„. Another possibility is the absence of In vacan-
cies in p-type material because of the excess of indium.

Annealing at 600'C of the as-grown InP:Fe samples
used here has produced a decrease of the intensity of the
V,„(PH)4 mode and the growth of the V,„(PH) mode.
This is consistent with the thermal dissociation of
V,„(PH)4 producing V,„(PH). This dissociation should
also produce the intermediate species V,„(PH)3 and
Vi„(PH)2. Because of their symmetry, two distinct IR ac-
tive PH modes are expected for each of these centers.
The lines between 2250 and 2254 cm ' and the 2273
cm ' line have been observed after annealing the sam-
ples. These lines could be related to the V,„(PH)3 or
V,„(PH)2 centers or to PH bonds associated with centers
having captured H atoms released by the dissociation of
V,„(PH)4. More work is necessary to elucidate these pos-
sibilities. It must be pointed out that the annealing
behavior of the H complexes in bulk InP:Fe samples,
with an overall H concentrations of about 10' cm, is
very different from that observed for implanted samples
where the concentration is three orders of magnitude
higher. This is also true from the annealing behavior of
the PH;Zn mode. The two kinds of data are thus difficult
to compare significantly.

The PH bonds studied show a weak anharmonicity

compared to the one in small molecules. The overtone-
fundamental intensity ratios measured are two to four
times smaller than the ones calculated with a Morse po-
tential. Similar or larger di6'erences in the intensities ra-
tios have been observed for 0-H bonds in other materials
and they have been attributed to electrical anharmonici-
ty. A comparison of the anharmonicity parameters x, of
the (hydrogen-acceptor) complexes obtained separately
from the overtone data and from the isotopic shifts has
been made. It gives evidence from the interaction be-
tween the hydrogen and acceptor atoms, but more experi-
mental data are required to evaluate independently this
interaction.

The temperature dependence of the frequency and of
the FWHP of the PH modes has been analyzed by assum-
ing that they were due to the random dephasing of the os-
cillator in the excited state. For the H- and 0-acceptor
centers studied, it is found that the dephasing is caused
by TA phonons. This same conclusion has been reached
for other H-related complexes. For the Vi„(PH) and

V,„(PH)4 modes, the dephasing is due to a 2TA-phonon
combination.
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