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The passivation of Zn acceptors by atomic deuterium in heavily doped p-type GaAs is investigated by
photoluminescence (PL) and infrared reflectance measurements. A large variation in the optical gap is
observed, resulting from changes in the free-hole concentration. A broad PL band in the range
1.30-1.45 eV occurs after deuteration. This band is not related to plasma or radiation damage at the
surface, but originates in the bulk of the deuterated layer. Using secondary-ion-mass spectrometry and
thermal effusion combined with etch-back experiments, it is demonstrated that a large amount of deu-
terium (> 10%° cm™3) coexists with the Zn-D complexes in the passivated region, in the form of electri-

cally inactive species.

INTRODUCTION

The passivation of shallow dopants by hydrogen in
crystalline semiconductors has been extensively studied
during the last decade.! Hydrogenation causes a pro-
nounced decrease in the free-carrier concentration, as
measured by electrical transport techniques. The simul-
taneous increase in the carrier mobility argues for the
dopant neutralization rather than a classical mechanism
of compensation. Infrared (IR) spectroscopy confirmed
that the passivation proceeds via the formation of neutral
H-dopant entities.

The photoluminescence (PL) technique was successful-
ly applied to study the passivation of shallow dopants,
e.g., C acceptors in high-purity p-type molecular-beam
epitaxy and metal-organic chemical-vapor deposition
GaAs,” and Si donors (=~10'7 cm™?) in Si-implanted
liquid-encapsulated Czochralski GaAs.> After hydro-
genation, the intensity of the acceptor bound exciton and
band-to-impurity transitions was found to decrease drast-
ically.

The PL technique was also used to detect the presence
of H,-plasma-related defects in crystalline semiconduc-
tors. The exact nature of these defects is to date still un-
certain. For example, additional Pl features were ob-
served in plasma-hydrogenated silicon.* They were attri-
buted to the presence of platelets within the first 100 nm
of the exposed surface, consisting of hydrogen aggregates
localized in the {111} planes of silicon. This assertion
was criticized in a recent paper,’ showing that analogous
PL bands were detected down to a depth of 500 nm from
the surface, in a region where the presence of platelets is
improbable. Furthermore, reactive ion etching of silicon,
using different plasmas such as H,, NF;, CF,, or O,, was
found to produce identical PL bands. Intrinsic microde-
fects, identified by cross-sectional transmission electron
microscopy (XTEM) over 1 um depth in plasma-treated
silicon, were suspected to provide radiative recombina-
tion centers. The role of hydrogen, however, is still con-
troversial since this element is a contaminant in all dry-
etching processes.

Plasma-related defects in GaAs have been investigated
little. A low-energy band in the PL emission spectrum of
Si-doped GaAs was reported after hydrogen plasma expo-
sure.” This band was associated with the plasma damage
near the surface. Arsenic vacancies were the main defect
identified after a H,-plasma treatment.®’

In the present work, the optical and electrical proper-
ties of highly p-doped GaAs(Zn), after exposure to a D,
glow-discharge plasma, are investigated by PL and IR
reflectance. The latter method was used to determine the
free-hole concentration for the same samples used for PL
without the need for electrical contacts.?

It is now well established that H (and D) passivate the
Zn acceptors in GaAs.” The microscopic structure of H
bonding with Zn was determined using IR absorption,”
and recently, the dissociation energy of the complex has
been obtained.!!

The PL of highly p-doped GaAs has been used to
determine one of the main effects of high doping, namely
band-gap narrowing.!? !> Both exchange and correlation
effects in the free-carrier system'® and carrier-impurity
ion interactions!’ contribute to an effective reduction of
the energy gap in heavily doped semiconductors. In p
GaAs the gap shrinkage is a very sensitive function of the
free-hole concentration. Since deuteration results in a
drastic reduction in the free-hole concentration, a varia-
tion (broadening) of the band gap is thus expected. In ad-
dition, post-deuteration annealing can be performed to
reactivate the dopants. A relationship between the gap
narrowing and the hole concentration can thus be ob-
tained without changing the actual concentration of
dopant atoms in the lattice. This allows us to separate al-
loying effects caused by substitutional dopants from pure-
ly electronic effects due to the presence of free carriers.

Since we observed that the PL spectra of the deuterat-
ed samples exhibited additional features, sequential
chemical etching of the surface was performed in order to
assess whether this luminescence was due to near-surface
plasma damage or bulk effects. This optical investigation
was combined with thermal effusion and secondary-ion-
mass spectroscopy (SIMS) analysis which provided fur-
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ther information on the various deuterium bonding
configurations in the crystal.

I. EXPERIMENTAL DETAILS

The samples used in this study were single crystals of
GaAs with (100) orientation doped with zinc
([Zn]=7X10" cm™3). All the surfaces were mechano-
chemically polished in a NaOCI solution to a mirrorlike
finish.

The samples were exposed at 170 °C for 20 h to a re-
mote D, glow-discharge plasma described elsewhere.'® A
bias voltage of —320 V was applied to the sample holder.
Under these conditions, a significant passivation ( >90%)
could be achieved.!

The carrier concentration was obtained by IR
reflectance. IR spectra were recorded at room tempera-
ture, between 200 and 4000 cm ™!, using a Fourier spec-
trometer. A mirror was used as a reference for the
reflection. This method is appropriate for high doping
levels, since in that case the IR response is dominated by
free-carrier plasma effects.® At the plasma frequency @,
the reflectivity R reaches unity, and the carrier concen-
tration N can be obtained from

a)lz,=41rNe2/m *€o s (1)

where e is the electronic charge, m* is the carrier

effective mass, and €, is the optical dielectric constant.

A graphical method was used to determine N: in prac-
tice, the frequencies ® were determined at R =0.3. A
calibration plot of In(wg —¢ ;) vs In(N) was obtained, us-
ing the reflectance data for two samples of known doping
levels. This plot is shown in Fig. 1. It was verified that
the straight line passing through the experimental points
gives the expected square-root dependence of Eq. (1).
From this point the carrier density N of a sample can be
readily estimated from the IR spectra, without the need
for electrical contacts. It should be noted that this deter-
mination is valid only in the case of relatively high-
doping levels, when the plasma frequency o, is high com-
pared to the LO-phonon frequency g, i.e., when the
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FIG. 1. wg <~ 3 (energy at which IR reflectivity reaches 30%)
vs carrier concentration N in p GaAs(Zn) for two samples of
known doping concentration. This plot can be used to deter-
mine N from wg-o3 in the reflectivity curves. w;o is the
longitudinal-optical-phonon frequency (see text).
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coupling between the LO-vibrational modes and the
longitudinal-collective excitations of plasmons is negligi-
ble.?’ This condition is fulfilled for ®, > 1.50;¢.2° The
dashed line shown in Fig. 1 gives the lower limit for the
determination of N by the simplified method described in
Fig. 1.

Interference fringes were noticed in the IR spectra of
the as-deuterated samples, due to the fairly abrupt profile
of free carriers in the passivated region. The thickness d
of the passivation region was calculated using the thin-
film relation: Aw=1/2nd, where n is the refractive index
and Ao is the difference in frequency (in units of cm™!)
between two successive maxima or minima in the
reflection spectra.

In some cases the free-hole profile was determined
from a quantitative computer modeling of the IR spectra.
Details of the fitting procedure are given in Ref. 21. An-
nealing treatments after deuteration were carried out in a
molecular hydrogen atmosphere.

Etching of the deuterated GaAs surfaces was accom-
plished in a 486 H,O: 20 HNO;: 7 H,O, solution. The
etching rate, evaluated from the changes of the interfer-
ence fringes in the IR reflectance spectra, was =0.1
pum/min.

The PL was recorded at 77 K, using for excitation the
4764- and 6764-A lines of a Kr* laser. The flux density
of the photons incident onto the surface was =~1.2X 10"
cm™ 25!, The luminescence was collected in a direction
normal to the surface and focused into the entrance slit of
a triple 0.6-m spectrometer (Spex 1877) equipped with
1200 lines/mm holographic gratings. A cooled optical
multichannel analyzer (OMA, Princeton Applied
Research) was used for detection. The recorded data
were corrected for the spectral sensitivity of the detection
system through comparison with a calibrated tungsten
lamp.

Ellipsometric measurements were performed with a
Rotating Analyzer Ellipsometer at room temperature.
Details of the technique are described in the litera-
ture.?>23

The effusion measurements were obtained by heating
the samples inside a quartz tube with a linear tempera-
ture ramp (20°C/min). The residual vacuum prior to
heating was ~5X 10” 'mbar. The outdiffusing deuterium
was constantly evacuated with a turbomolecular pump
and the D, partial pressure was measured using a quadru-
pole mass spectrometer.

SIMS analysis was performed by a CAMECA IMS4F
apparatus, using a primary-ion source of cesium. The ab-
solute deuterium concentration was determined using D-
implanted specimen of known D concentration. The es-
timated error in the D concentration is about 20%. The
depth scale was established by measuring the sputter-
induced craters with a Talystep stylus profilometer (sensi-
tivity =200 A).

II. RESULTS AND DISCUSSION
A. Evidence for acceptor passivation

Typical PL spectra for Zn-doped p GaAs are shown in
Fig. 2. The PL of the reference sample exhibits a single
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FIG. 2. Typical PL spectra of strongly p-type GaAs(Zn) be-
fore and after D,-plasma exposure at 170°C for 20 h. The effect
of a subsequent annealing at 500 °C for 5 min is also shown. The
laser wavelength was 6764 A.

broad peak. In heavily p-doped semiconductors, the Fer-
mi energy E lies well below the valence-band edge. The
shape of the emission spectrum results from optical tran-
sitions connecting the bottom of the conduction band
with empty valence-band states above the Fermi energy.

After D, exposure, the emission peak is strongly dis-
placed towards high energies, indicating that the optical
gap has increased. This effect is related to the reduction
of hole concentration, as a result of the passivation of Zn
acceptors by deuterium. In addition, a broad shoulder
shows up in the low-energy range of the spectrum. Its
origin will be discussed in the next section.

Also shown in Fig. 2 is the PL of the same deuterated
sample after annealing at 500°C for a few minutes. The
spectrum ressembles that of the reference sample. At this
temperature, all the deuterium was effused and the crys-
tal recovers its initial properties.

Concerning the deuterated crystal, it was noticed that
changing the laser wavelength to 4762 A (2.60 eV) in-
stead of 6764 A (1.83 eV) increased the overall lumines-
cence by less than a factor 1.5. At higher energies, the
exciting beam probes regions closer to the surface and it
is likely that, near the surface, a more complete passiva-
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FIG. 3. Real part €, and imaginary part €, of the dielectric
constant vs photon energy in GaAs(Zn).

tion of nonradiative deep centers is achieved, due to the
large concentration of deuterium.

The penetration depth probed by the laser beam was
determined on the basis of spectroscopic ellipsometry
measurements. The results are shown in Fig. 3. The
complex dielectric constant was obtained in the range
1.5-6 eV. The spectra display two main features corre-
sponding to the E, and E, interband optical transitions
in GaAs.?*? We draw here attention to the fact that,
after plasma exposure, critical features of €, and ¢, are
shifted to higher energies by about 100 meV, demonstrat-
ing the gap increase caused by carrier passivation. The
absorption coefficient @ was calculated from

o=k
}\’ b
with
1/2
—g+ ‘s%-#s%
2

]I/Z
k:

(2)

The corresponding absorption depths 1/a are listed in
Table I.

PL spectra of an as-deuterated sample subsequently an-
nealed at 250 °C are given in Fig. 4 for different annealing
times. Annealing changes the initial spectrum
significantly. The emission peak at 1.49 eV broadens to-
wards the low-energy side, whereas the intensity of the
band at ~1.35 eV decreases. The shift of the emission

TABLE I. Penetration depth 1/a of the laser beam in GaAs(Zn) at two different exciting wave-
lengths A,. €, and &, were determined from Fig. 3. The extinction coefficient k and the absorption

coefficient a were calculated using Eq. (2).

GaAs reference

GaAs,D, plasma 170°C; 20 h

AL =6764 A AL=4762 A AL =6764 A AL=4762 A
(1.83 eV) (2.60 V) (1.83 eV) (2.60 eV)
€ 13.2 15.3 13.7 17.2
£ 3.6 9.9 2.3 8.0
k 0.48 121 0.31 0.94
a (em™Y) 9.0X10* 3.2%10° 5.9% 10* 2.5X10°
1/a (nm) 110 30 170 40
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FIG. 4. Effect of isothermal annealing at 250 °C on the PL of
GaAs(Zn) initially deuterated at 170°C for 20 h. A, =6764 A.

peak towards lower energies as the annealing time in-
creases results from a gap shrinkage caused by the
thermal reactivation of Zn acceptors.

It should also be noted that, in the early stages of an-
nealing, a drop in the peak intensity was always observed.
This effect may be due to the thermal reactivation of pas-
sivated nonradiative centers of unknown microscopic na-
ture.

For the sake of clarity, the emission peaks as a function
of annealing time are plotted in Fig. 5 on a linear scale
and normalized to unity. The direct gap E; was deter-
mined as the intersection of the tangent to the low-energy
tail of the emission curve with the background. Ep+Eg,
i.e., the difference between the minimum of the conduc-
tion band and the Fermi level, is also shown (arrows in
Fig. 5). Ep was calculated relative to E,, using the fol-
lowing expression and assuming parabolic bands:
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FIG. 5. Evolution of the PL emission peak as a function of
annealing time in deuterated GaAs(Zn). E; and Eg+Ef
represent the energy gap and the Fermi energy, respectively.
The spectra have been offset vertically for better comparison.
AL =6764 A.

Er—Ey

T’ (3)

P=NV( T)F]/z("]f) with Ne=

where
1/2
n

2 ")
F,,= d
127 i fo 1+exp(n—mn,) K

is the Fermi-Dirac integral.6

The free-hole concentration p was determined for each
duration of annealing, using IR reflectance measure-
ments. These data, together with the band-gap shrinkage
AE, are listed in Table II.

AE; was expressed by E; (pure)-Eg(doped), taking for

TABLE II. Free-hole concentration, band gap, and Fermi-level positions as a function of annealing
treatment. The free-hole concentration p was measured by IR reflectance; the energy gap E; was deter-
mined from the PL spectra; AE; represents the band-gap narrowing expressed by AE; =E; (pure)-
Eg(doped) with Eg(pure)=1.513+0.03 eV; E is the Fermi energy with respect to the valence band,
calculated with Eq. (3); Er+Eg is the Fermi energy as measured from the conduction-band edge. All
data were determined at 77 K, except p which was measured at room temperature.

Treatment [p] Eg AE; Ef E;+Eg
(cm™?) (eV) (meV) (meV) (eV)
D,; 170°C; 20 h 6X10'® 1.464+0.001 4414 21 1.485+0.001
250°C; 15 min 7.5X10'® 1.461+0.001 47+4 25 1.486+0.001
250°C; 1 h 1.8x 10" 1.444+0.001 64+4 46 1.490+0.001
250°C; 3 h 2.4X10" 1.439+0.001 69+4 56 1.495+0.001
250°C; 6 h 3.2x10" 1.434+0.001 7414 69 1.504+0.001
250°C; 12 h 3.8X 10" 1.43040.001 78+4 77 1.508+0.001
Reference 7X10" 1.408+0.001 100+4 111 1.519+0.001
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the band gap of pure GaAs at 77 K the value 1.513+0.03
eV, deduced from Thurmond’s relation:?’

aT?

E(T)=E(0)— B+T

with
a=(5.405+0.25)X10"*eVK™!,
B=(204+45) K ,

and
E;(0)=(1.51940.001) eV .

We present in Fig. 6 a plot of the band-gap shrinkage
AE versus hole concentration. The experimental points
of Olego and Cardona'* for Zn-doped GaAs of different
doping levels are also added. An empirical relation for
the gap shrinkage can be deduced:

AE;=2.34X107° p'/?

with AE; in eV and p in cm 3. Casey and Stern?® ob-
tained a similar relation by comparing their calculated
absorption coefficient curves with the corresponding ex-
perimental curves and finding the energy shift which gave
the best fit. In the range 1X10'8-2X 10" cm™? the con-
centration dependence of the energy gap at room temper-
ature was expressed as

AE;=1.6X10"°p!/3 .

A somewhat larger gap shrinkage was reported by
Borghs et al.,'” from PL measurements at 30 K on
GaAs(Zn) doped in the range 3X 10'7-3X 10" cm 3

AE;=2.6X10"°p'”? .

In Fig. 7, we have plotted the experimental points for
E) (the luminescence maximum) and E; +Ey of the PL
emission peak, as a function of doping, along with the
points of Cusano,'? Pankove,!® as well as Olego and Car-
dona.'* All sets of data agree well. In the studies report-
ed so far in the literature, the carrier density is varied by
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10 F AEg(meV)=2.34x10°[p (cm-V -
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FIG. 6. Hole concentration dependence of the band-gap
shrinkage. Open symbols are from Ref. 14 and correspond to
AE extrapolated to 0 K.
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FIG. 7. Luminescence peak maximum E,,, and Fermi energy
E; +Efr in plasma-passivated GaAs(Zn), as a function of hole
concentration, compared to various data taken from the litera-
ture (Refs. 12-14) for GaAs(Zn) with varying doping levels
(open symbols).

changing the doping level. Our results demonstrate that
the major contribution to the band-gap variation in Zn-
doped GaAs comes indeed from the change in the free-
hole concentration, since the actual dopant concentration
is not modified by deuteration.

B. Other deuterium bonding configurations

1. Photoluminescence measurements

In the preceding part, the passivation of acceptors by
atomic deuterium was studied by following the energy
position of the high-energy luminescence peak for
different annealing times. Good agreement was found
with the literature data, obtained for GaAs crystals of
various doping levels. In this section, we investigate the
additional optical changes induced by deuteration.

After plasma exposure, the PL spectra exhibit a broad
shoulder in the range 1.30-1.45 eV (Fig. 2). This feature
progressively vanishes by thermal annealing at 250°C
(Fig. 4).
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FIG. 8. Effect of etching on the PL of a passivated GaAs(Zn)
sample. The thickness of the initially passivated region was
1700 nm. A; =6764 A.
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FIG. 9. PL spectra of the sample in Fig. 8, after removal of a
layer of (a) =~ 1700 nm depth and (b) ~2000 nm depth by chemi-
cal etching.

The GaAs surfaces were chemically etched to assess
whether this low-energy band originates from the bulk or
the surface of the deuterated sample. The results are
shown in Fig. 8. The passivated depth of the starting ma-
terial is 1700 nm. After removing 550 nm from the sur-
face, the low-energy band still remains unchanged. It is
hence not related to the deuterium plasma damage as this
damage is located near the surface, to a depth of 200 nm
at most.

In addition, the sharp emission peak at 1.49 eV pro-
gressively decreases. This drop is tentatively explained
by a higher fraction of nonpassivated recombination
centers in the bulk.

The surface of the same sample was further etched, un-
til the remaining passivated layer reached a thickness of a
few ten nanometers. Figure 9 displays the PL spectra,
obtained at two excitation wavelengths, corresponding to
different regions probed by the laser beam (see Table I).
At A.,.=4762 A, an additional peak at 1.45 eV shows up,
indicting that the nondeuterated region beyond the pas-
sivated layer now contributes to the overall luminescence.
This contribution becomes even more important at a
lower laser excitation energy (A.,.=6764 A), when light
penetrates deeper into the crystal.

The low-energy band is still clearly observed,
confirming that this luminescence originates in the deu-
terated bulk. The luminescence characteristic of the
non-D samples was finally recovered, after that the whole
deuterated region was removed (curve b in Fig. 9).

2. Thermal-effusion measurements

The thermal effusion of deuterium out of GaAs(Zn)
was used to obtain further information about the origin
of the low-energy band seen in photoluminescence. For
this purpose, a series of deuterated samples underwent
the same post-plasma treatments as those used in the PL
studies.

Figure 10 shows the development of the effusion spec-

13 147

T T T
. GaAs (Zn) 7x10"%cm?3
5 15 D, plasma 170°C,20 h—|
Ko CHEMICAL ETCHING
€ as passivated
@ ——==420 nm removed
o 10 -—-—1100 nm removed |
<~
Q o5 -
o
[¢]

200 400 600
Temperature (°C)

FIG. 10. Influence of etching on the deuterium effusion spec-
tra of GaAs(Zn) deuterated at 170°C for 20 h.

tra as successive layers of GaAs are removed by chemical
etching. The as-deuterated sample exhibits two effusion
peaks, a sharp effusion maximum at =300°C and a
broader peak at =~420°C, characteristic of at least two
bonding configurations with different binding energies.
After etching, the samples conserve the same two-peak
structure. In addition, the peaks are shifted to somewhat
lower temperatures. One possibility is that this shift is
due to a lower desorption activation energy of D, mole-
cules induced by the surface chemical etching. Alterna-
tively, diffusion of deuterium towards the surface may be
a rate-limiting step in the desorption process.

The effects of a 250°C annealing treatment on the
effusion of deuterium in GaAs(Zn) are shown in Fig. 11.
The main observation is the disappearance of the low-
temperature (LT) peak after annealing for 15 min. This
treatment has already been shown to slightly alter the PL
(Fig. 4) and hole concentration (Table II). A quantitative
comparison of these experimental results leads us to in-
voke the presence of excess deuterium, i.e., D not in-
volved in the complex Zn-D or in the low-energy PL
band, to explain the LT effusion peak.

After the initial annealing step, the effusion peak at
420°C then decreases as a function of annealing time.
This peak is believed to be mainly due to the dissociation
of Zn-D complexes deep in the passivated layer. This as-
signment is substantiated by the following quantitative

T T T
—~ 15 L GaAs (Zn) 7x10'%cm> _|
= D, plasma 170°C,20h
Q
Q)E ANNEALING 250°C
(=) 10 T‘ ) 10 min
— as-passiv. 15 min
Q' 05 -
a

|

200 400 600
Temperature (°C)
FIG. 11. D, effusion spectra of GaAs(Zn) deuterated at 70°C

for 20 h and annealed at 250°C for various times. The effusion
from semi-insulating (100)GaAs (S-I) is also shown.
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FIG. 12. Relation between the amount of deuterium con-

tained in the annealed samples (integral of the effusion spectra
in Fig. 11) and the concentration of Zn-D complexes.

analysis: First, the effusion spectrum seen in Fig. 11, for
a deuterated undoped single crystal of GaAs, does not ex-
hibit the peak at 420°C. Secondly, as shown in Fig. 12,
we find a linear relation between the total amount of deu-
terium in the crystal (integral of the effusion curves), and
the remaining concentration of Zn-D complexes, ob-
tained by [Zn-D]=[Zn]—p, where p takes the values list-
ed in Table II, and [Zn]=7 X 10! cm 3.

3. SIMS measurements

The distribution of deuterium in GaAs(Zn) was deter-
mined by SIMS for a sample etched over a depth of ~400
nm immediately after plasma exposure. The resulting D
profile shown in Fig. 13 exhibits a fairly pronounced step-
like shape, characteristic of a trap-limited diffusion.®?°
Also included in the figure is the profile of Zn-D com-
plexes obtained from a modeling of the IR reflectance
spectrum. The passivated layer closely matches the deu-
terated region. The drop in the Zn-D profile coincides
with the decrease of D with however a slight discrepancy
which is related to the uncertainty inherent in the SIMS
measurements or the analysis of the IR spectra. This
again indicates that the diffusion of atomic deuterium in
GaAs(Zn) at the plasma temperature of 170°C is dom-
inated by trapping on the dopant atoms. It is remarkable
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FIG. 13. SIMS profile of deuterium, and concentration
profile of Zn-D complexes deduced from IR reflectance, in a
deuterated GaAs(Zn) sample after removal of a 0.42-um surface
layer (hatched area).

that within the plateau region, the total D content
exceeds the Zn-D density by about a factor of 2. The ex-
cess deuterium approaches a few 10 cm 3 and should
be even larger for a nonetched sample when the diffusion
profile is extrapolated to the surface.

The effects of a short-time annealing (250°C; 10 min)
on the passivation efficiency in deuterated GaAs(Zn) are
illustrated in Fig. 14. The Zn-D profiles were again de-
duced from a modeling of the reflectance spectra. It ap-
pears that after annealing, the depth of the passivated re-
gion is increased by several thousand A. In addition, a
small fraction of Zn-D complexes are dissociated (dashed
curve in Fig. 14). These results suggest that upon anneal-
ing, deuterium atoms are released from the complexes
and diffuse deeper in the bulk, where secondary trapping
on Zn atoms occurs. However, the fact that the total
amount of passivating deuterium (integral of the curves)
is significantly larger after annealing clearly indicates
that an excess of inactive deuterium initially present in
the as-passivated sample was involved in the diffusion
and trapping processes, t00.

The annealed sample in Fig. 14 was analyzed by SIMS
to determine the depth distribution of D. The resulting
D profile shown in Fig. 15 exhibits a plateaulike shape up
to =2 pum depth, followed by a diffusion tail extending
beyond 4 um depth. It is noticeable that the deuterated
region is now much larger than the passivated depth. It
implies that the trapping effect was not dominant during
the annealing process. This is explained by the fairly
high temperature of annealing (250 °C) which changes the
diffusion from trap-limited to a more normal mechanism.
Nevertheless, it is surprising that this mechanism does
not result in a smooth decay of the Zn-D profile at the
passivation front. This apparent contradiction can be re-
moved if we consider that the sample was heated from
ambiant to 250°C with a noninstantaneous temperature
rise. Consequently, the trapping contribution should be
important within this period.

In a region from the surface up to =1 pm depth, the D
profile is curved downward, attesting that deuterium was
effused during the annealing treatment. From a compar-
ison with the effusion spectra in Fig. 11 we can unambi-
guously correlate this out-diffusion with the LT peak
occurring at =~ 300°C.
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FIG. 14. Effect of a short-time annealing on the Zn-D
profiles of deuterated GaAs(Zn) as deduced from IR reflectance.
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FIG. 15. D (from SIMS) and Zn-D profiles (from IR

reflectance) in a deuterated GaAs(Zn) sample subsequently an-
nealed at 250°C for 10 min.

C. Origin of the low-energy PL band

The transition observed in the PL spectra in the range
1.3-1.45 eV is too broad to be associated with hydrogen-
ic centers and must be referred to as complex centers.
The persistence of these centers after etching of the sur-
face over a few hundred nanometers excludes the involve-
ment of plasma or radiation damage. On the other hand,
it is clear that these centers are closely related to the
presence of deuterium in GaAs.

It has been recently proposed* that high concentrations
of hydrogen or deuterium (=2X10'® cm™?) in single-
crystal silicon could be responsible for additional radia-
tive centers. The defect photoluminescence was attribut-
ed to hydrogen-stabilized platelets located within the first
100 nm. In Ref. 4, the authors notice that the observed
PL needs not arise from anything else except for hydro-
gen platelets and that the presence of intrinsic defects or
impurities in silicon is not a prerequisite. From our
SIMS investigations shown in Figs. 13 and 15, it was es-
tablished that a substantial excess of deuterium in the
form of electrically nonactive (nonpassivating) species
was introduced by plasma charging. The presence of H
platelike aggregates in GaAs has been ascertained by
XTEM measurements.>°

Nevertheless, we would like to mention some possible
D interactions with various intrinsic defects expected to
be present in melt-grown GaAs single crystals. A num-
ber of deep centers revealed by deep-level transient spec-
troscopy are passivated by atomic deuterium or hydro-
gen.’! 733 These centers are due to the presence of point
defects (vacancies and interstitials) and, except for the
EL?2 level which has been related to an antisite Asg, de-
fect or its complex,** their exact microscopic structure is
still unknown. Some of them are nonradiative and their
passivation is usually accompanied by a strong increase
in the overall luminescence intensity.’® In our investiga-
tions the decrease in the PL emission peak at 1.49 eV in
the early stage of annealing or after etching (Figs. 4 and
8) may be due to the reactivation or removal of passivat-
ed deep centers inside the crystal.

The role of dislocations in as-grown crystals, produced
by plastic deformation during crystal growth, has also
been investigated by space- and time-resolved photo-
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luminescence.*®*” Grown-in dislocations as well as their
glide traces in Si-doped LEC GaAs are found to yield
lower luminescence intensities than the crystal matrix.>
PL maps of In-alloyed GaAs show different features con-
sisting in dark regions at the center of dislocation clusters
surrounded by circular bright areas.>’ From the above re-
sults, there are many indications that impurities and/or
defects gettered by dislocations play an important role in
the recombining activity of dislocations. This is probably
the reason why the interaction of deuterium or hydrogen
with dislocations in GaAs remains a matter of debate.
Recently, a dopant-dependent interaction was reported in
ion-implanted-annealed GaAs.>® In semi-insulating
GaAs, there is no definitive evidence for the passivation
of dislocations in plastically deformed samples.*>*

The broad PL band reported in the present work is
clearly related to the presence of deuterium inside the
sample. The segregation of D clusters at dislocations
could account for radiative centers in the band gap. This
assumption is at present quite speculative. A systematic
XTEM investigation should provide useful information
on the possible generation and repartition of secondary
defects induced by deuteration.

It should be noted that a similar band, centered at 1.37
eV, was reported on melt-grown Zn-doped GaAs sam-
ples.** This band was attributed to arsenic vacancy-Zn
acceptor (¥, Zng, ) centers present as native defects
in the material. Arsenic vacancies can otherwise be
formed by electron irradiation at E > 250 KeV.*! It seems
thus unlikely that such defects may be created beyond the
damage region in our specimen during plasma exposure.
However, it is now well established®’ that high concen-
trations of As vacancies are provided by the D,-plasma
treatment in the near-surface region. Under plasma ex-
posure at 170°C, radiation-induced arsenic vacancies
could diffuse into the bulk to form V,,*Zng,~ complexes
as described by the reaction

VAs+ +Zng, ——’VA5+ZnGa_ .

This mechanism is consistent with the small migration
energy of about 1 eV for the As vacancy in GaAs.*?
Moreover, the diffusion of positively charged As vacan-
cies should be enhanced by a drift effect due to the built-
in field within the passivation front.

A similar behavior was observed in electron-irradiated
GaAs(Zn) samples.® A strong increase in the 1.37-eV
emission band (factor 200) was reported after thermal an-
nealing at moderate temperatures, in the range
100-200°C. This was attributed to the capture of
radiation-induced mobile As vacancies by nearby Zn
atoms on Ga sites.

Furthermore, the annealing temperature associated
with the breakup of V,,*Zng,” complexes was found to
be 250°C, which corresponds precisely to the decrease of
the PL band reported in this study.

One, therefore, has to consider the possibility that at
least a certain fraction of Zn-D complexes in GaAs are
formed in a different way than assumed at present. Va-
cancies created by plasma damage at the surface of the
crystal can also diffuse into the bulk and form complexes
with dopant atoms. After these complexes are formed,
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they can react with diffusing H or D atoms, thus giving
rise to complexes which could account for the excess deu-
terium in the passivated region as well as for the low-
energy PL band. Further investigations will be necessary
to clarify this point.

CONCLUSION

We have confirmed by PL and IR reflectance measure-
ments the efficient passivation of Zn acceptors by deuteri-
um in heavily p-doped GaAs. A noticeable energy-gap
variation is associated with this passivation. A quantita-
tive relationship between the band-gap shrinkage and the
free-hole concentration was obtained, which agrees well
with earlier studies using varying doping levels.

After D,-plasma exposure, the crystal exhibits a strong
luminescence band in the range 1.30-145 eV, originating
in the bulk. The D distribution and carrier profile, deter-
mined by SIMS and IR reflectance, are very similar. This
demonstrates a strongly trap-limited diffusion, due to the
high-dopant concentration and the fairly low plasma tem-
perature (170°C). In addition, the overall D concentra-
tion in the passivated region exceeds the dopant density
by about a factor of 2.

Short-time ( <15-min) annealing at 250°C does not
significantly change the PL spectra or the Zn-D complex
density. On the other hand, it is demonstrated that a
substantial excess of deuterium diffuses deeper into the
bulk, leading to a larger passivation depth. A
deuterium-depleted region within the first micrometer of
the annealed GaAs surface indicates that D also

P. de MIERRY AND M. STUTZMANN 46

outdiffuses during the annealing. This effusion process is
associated with the low-temperature peak seen in the
effusion spectra. The high concentrations of deuterium,
present as electrically inactive species in the crystal ma-
trix could create radiative centers accounting for the
broad PL band.

Based on earlier PL studies®® on electron-irradiated
GaAs(Zn), the formation of V,;*Zng,~ complexes dur-
ing plasma exposure may also be invoked to explain the
PL band. Arsenic vacancies created by plasma radiation
beneath the surface could readily diffuse into the bulk
and be trapped by Coulombic attraction with negatively
charged Zn atoms. The small migration energy for V,,*
allied with a drift effect due to the electric field in the pas-
sivation front renders the above mechanism plausible.
Also, the decrease of the PL band intensity after heat
treatment at 250°C for times larger than 15 min is in
good agreement with the thermal dissociation of the
Vas"Zng,” centers.*
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