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Undoped n-type GaAs grown by metal-organic vapor-phase epitaxy is exposed to a hydrogen or
a deuterium plasma. Two dominant deep levels, having energies E, —0.2 eV and E, —0.57 eV, are
formed after hydrogenation. Their depths into the material correspond directly with the depth to
which the shallow donors have been passivated. Furthermore, isothermal annealing measurements

under zero- and reverse-bias conditions reveal that the two levels are metastable. The transforma-
tions from one configuration to the other obey first-order kinetics, with the following transformation
rates: vq(T) = 1.2 x 10 exp[( —0.82 eV)/kTj and vq(T) = 8.0 x 10' exp[(—0.95 eV)/kT]. We at-
tribute the deep levels to the formation of a hydrogen-related complex. The new hydrogen complex
is found to be more stable than the shallow donor-hydrogen complex.

Defect states with metastable properties have in re-
cent years been studied in several III-V compounds. ~ s

Two metastable defects, labeled M3 and M4, were re-

cently measured by Buchwald and co-workers4 s in GaAs
grown by metal-organic vapor-phase epitaxy (MOVPE).
The fact that other groups have not detected these de-

fects in MOVPE-grown GaAs of similar specifications
makes an investigation into the possible origin of these
defects a matter of importance. Tabata, Pudensi, and
Machados subsequently found that the presence of these
metastable defects was related to the V-to-III ratio used

during the MOVPE growth. Based on these results they
suggested that the metastable defects may originate from
As interstitials, which would predominate at high V-to-
III ratios.

During the course of our studies on the hydrogen pas-
sivation of GaAs, ~o ~~ we have investigated the efFect

of the hydrogen plasma on the deep levels in the ma-
terial. Early deep-level transient spectroscopy (DLTS)
studies had shown that the concentration of most
deep levels present in GaAs could be considerably re-

duced, in some cases to below detection limits, through
the passivation by hydrogen. On the other hand, Cho et
al. reported the creation of new deep levels in undoped
horizontal Bridgman (HB) -grown GaAs, after exposure
to a hydrogen plasma. Detailed analysis of the newly
created levels was difficult, however, due to the overlap-

ping of the new levels with the deep levels present in the
unpassivated material. In another DLTS study of HB
GaAs passivated under different plasma power densities,

Jalil et al. also demonstrated the creation of new deep
levels after hydrogenation.

In this paper we show that the two metastable deep
levels reported by Buchwald and co workers~5-can be
formed in MOVPE-grown GaAs by exposure to a hy-

drogen plasma. The fact that hydrogen is responsible
for their presence is further supported by annealing mea-
surements under reverse-bias conditions, which show the
drift of hydrogen deeper in the material with an accom-
panied. increase in the concentration of the metastable
defect.

The GaAs material used in this work consisted of a 10-
pm-thick undoped layer, grown at 670'C by MOVPE on
a Si-doped (n = 1x 10~s cm ) GaAs substrate. A V-to-
III ratio of 40 was used in the growth, in order to ensure
that the carrier concentration was in the low 10 -cm
range. Further details of the growth conditions have been

given previously. After forming AuGe-Ni Ohmic con-

tacts on the back of the substrate, the GaAs was exposed
for 2 h at 180'C to either a hydrogen or a deuterium
plasma in a remote dc system. These conditions were

sufficient to passivate the donor impurities to a depth
1.7 pm into the material. The atomic hydrogen forms

a complex with the ionized donor impurities, rendering
them electrically neutral.

The surface of the GaAs after plasma treatment
showed no visible signs of degradation. After rinsing the
GaAs in acetone and treating in HC1:H20 (1:1)for 1 min,
semitransparent Schottky contacts were formed on the
plasma-exposed surfaces by evaporating Au dots ( 30
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FIG. 1. DLTS spectra measured under identical condi-
tions in nndoped n-type MOVPE-grown GaAs: (a) as-grown;
(b) after passivation in a hydrogen plasma; and (c) after pas-
sivation in a deuterium plasma. The emission rate is 100 s

nm thickness, 1 mm diameter) through a metal mask.
Some Schottky diodes were also fabricated on a refer-
ence sample that had not been exposed to the plasma.
Standard capacitance-voltage (C-V) measurements at 1
MHz were used to profile the 300-K carrier concentra-
tion in the GaAs. DLTS measurements were carried out
within the temperature range 77—440 K, using a lock-in
amplifier based system.

Figure 1 shows the DLTS spectra measured in the pas-
sivated and nonpassivated GaAs samples. In each case
the conditions of measurement were identical, namely, a
filling pulse Vz

—2 V superimposed on a constant reverse
bias V„= 2 V. It is seen from curve (a) that one electron
trap (having a concentration 2 x 10i4 cm s and an activa-
tion energy 0.82 eV) dominates the deep-level spectrum
of the as-grown GaAs. By comparison with the litera-
ture, it is identified as the well-known EL2 deep level, i7

occurring in bulk-grown as well as MOVPE- and VPE-
grown GaAs. Apart from the EL2 level, no other elec-
tron traps were detected in the as-grown GaAs, within
the resolution of the system ( 10ii cm s).

Curve (b) of Fig. 1 shows the effect of the hydrogena-
tion on the deep levels. The EL2 has been considerably
reduced through passivation, in agreement with the work
of Lagowski et a/. The slight shift of the DLTS peak to-
wards higher temperatures after passivation is presently
not understood. The main features of curve (b), however,
are the emergence of two new deep levels, occurring at
174 and 313 K. These two levels will be shown to have
the same characteristics as the two levels reported before
by Buchwald and co-workers, ' who measured them in
as-grown (MOVPE) Si-doped GaAs. Using their nota-
tion, therefore, we shall refer to the two levels as M3 and
M4. The fact that we only measure levels M3 and M4
after passivation is the first indication that hydrogen is
in some way responsible for their presence.

In curve (c) of Fig. 1, the DLTS spectrum from the

deuterated GaAs shows a similar trend to the hydro-
genated sample. It is noted, however, that while the
maximum of level M4 occurs at the same temperature
in both cases, there is a significant shift of level M3 to
a higher temperature (321 K) for the deuterated sample.
As was noted by Buchwald and co-workers, 4 5 level M3
shows a strong Poole-Frenkel effect. To minimize this
inhuence on the measured activation energy, therefore,
the reverse bias was set at V„= 1 V, upon which was
superimposed Vz

—1 V. Our measured activation energy
(0.57 eV) for level M3 is smaller than the value of 0.61
eV reported by Buchwald and co-workers. s The mea-
sured activation energy of 0.32 eV for level M4, on the
other hand, showed no field dependency.

The metastable properties of levels M3 and M4 are
clearly evidenced in the following manner: By annealing
under zero-bias (open circuit) conditions at 400 K for 10
min, the concentration of the level M3 reaches a maxi-
mum, with level M4 completely disappearing. A similar
anneal at 400 K under reverse bias has the opposite effect.
Thus the defect changes configuration by application of
an electric field at elevated temperatures. Furthermore,
this transformation is completely reversible, simply by
annealing at 400 K, either with or without bias.

From a series of isochronal anneals within the tem-
perature range 320—410 K, Buchwald and co-workers4 s

determined the energies of transformation for the two
configurations to be 0.8 eV (for M4 ~ M3) and 1.7 eV
(for M3 -+ M4). In their calculations, they implicitly as-
sumed that the transformations obeyed first-order kinet-
ics, although this was not experimentally verified. Fur-
thermore, the transformation M3 ~ M4 yielded an un-
usually high preexponential factor of 102i s i. We have
carried out isothermal anneals under specific bias condi-
tions, at temperatures within the range 315 ( T & 380
K to study the kinetics governing the transformations.
The transformation M4 -+ M3 was investigated by the
following procedure: The Schottky diode was initially
annealed at 400 K for 10 min while under reverse bias,
in order to maximize M4. Thereafter it was cooled to
a specific temperature T, while still under reverse bias,
before beginning a zero-bias anneal at T. After an an-
nealing time t, the annealing process was terminated by
rapidly cooling the sample holder to 150 K (using liquid
nitrogen). From the resulting DLTS scan, the amplitude
of the M4 level, N(t, T), was measured. The process was
then repeated for longer annealing times, from which the
rate of decay of M4 at a temperature T could be evalu-
ated.

Figure 2 (right-hand axis) shows the results obtained
from the annealing sequence at 340 K. The linear depen-
dency proves that the transformation process between
the two configurations (M4 ~ M3) obeys first-order ki-
netics for all annealing times and satisfies

N(t, T) = Np exp[—vi(T)t],

where No is the maximum amplitude of level M4 and
vi(T) is the transformation rate. Similarly, isochronal
anneals at 325, 360, and 380 K yielded equally good
straight lines, from which vi(T) for each annealing tem-
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FIG. 2. Analysis of the annealing kinetics based on Eq.
(1) (&, right-hand scale) and Eq. (2) (E, left-hand scale) for
the transformation M4 ~ M3 (at 340 K) and M3 ~ M4 (at
330 K), respectively.

perature could be obtained.
Following a similar procedure, the transformation

M3 -+ M4 was studied by measuring the formation of
M4 as a function of zero-bias annealing time t, for spe-
cific temperatures within the range 315 & T & 370 K.
Figure 2 (left-hand axis) shows the results from just one
annealing temperature (330 K), which satisfies the equa-
tion

N (t, T) = No (1 —exp [—

vent])

. (2)
The fact that both transformations obey first-order ki-
netics is further proof that levels M3 and M4 are indeed
metastable configurations of the same defect. From the
measured v(T), we obtain the Arrhenius plots seen in
Fig. 3, which yield vi(T) = 1.2 x 10s exp[( —0.82 eV)/kT]
for M4 ~ M3 and vz(T) = 8.0 x 10 exp [(—0.95
eV)/kT] for M3 -+ M4. Our measured energy of 0.82
eV for the transformation M4 ~ M3 compares well
with the value of 0.8 eV reported by Buchwald and co-
workers. 4 s We do, however, find both a significantly
smaller energy (0.95 eV) and a significantly smaller expo-
nential prefactor (8.0 x 10io s i) for the transformation
M3 ~ M4 compared with the respective values of 1.7
eV and 10 s measured by Buchwald and co-workers.
We attribute this discrepancy to the fact that we used
isothermal anneals, which are expected to yield more ap-
propiate expressions for the transformations, compared
with isochronal anneals.

From the results presented thus far, we conclude that
the levels M3 and M4 are two configurations of the same
metastable defect. The stability of the defect was exam-
ined as follows: First, by annealing in the open-circuit
configuration at 373 K for 2 h under illumination (us-
ing the emission from a Al~oai As power laser diode
focused onto the semitransparent Schottky contact), it
was possible to completely reactivate the shallow donors
in agreement with previous work. ii DLTS measurements
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FIG. 3. Arrhenius plot of the transformation rates.

however, showed no change in the concentration of levels
M3 and M4 after reactivation of the shallow donors. We
conclude, therefore, that the defect responsible for lev-
els M3 and M4 is more stable than the donor-hydrogen
complex.

Second, the stability of the defect was examined by
annealing in the dark at T ) 453 K under reverse-bias
conditions. Annealing at both 453 and 473 K with a
reverse bias V„= 3 V applied to the Schottky diode,
resulted in the concentration of M4 decreasing in the
region z ( 1.3 pm, and increasing at z ) 1.3 pm. After
each anneal, the temperature was reduced to 400 K for
10 min, during which time a reverse bias V„= 10 V
was applied (in order to maximize the amplitude of M4
for the entire profiling depth). The carrier concentration
profile, measured before and after the same reverse-bias
anneal at 453 K, shows a reactivation of the donors in
the region z & 1.3 pm, coupled with the simultaneous
increase in passivation in the region z ) 1.3 pm can
be explained in terms of the field-assisted drift of the
thermally dissociated H, towards the edge of the space-
charge region.

The M4 deep level shows a similar (although much
slower) trend and may therefore be explained in a similar
manner: We assume that the defect responsible for lev-
els M3 and M4 is some complex, XH, between hydrogen
and a defect X either present in the material before passi-
vation, or formed during the passivation treatment. Sur-
prisingly, the M3 level is very close to the oxygen level,
recently detected in GaAs. Further studies will clarify
the correlation between these two defects. Annealing at
elevated temperatures results in the partial dissociation
of the XH complex, according to XH X+ + H . We
assume that the diffusivity of the defect X is very low
at the annealing temperature. The electric field drifts
the thermally dissociated hydrogen towards the edge of
the space-charge region, where new XH complexes are
formed, thus leading to an increase in the measured M4
concentration within the region z ) 1 pm.

The fact that temperatures as high as 453 K are re-
quired to dissociate the XH complex implies that the
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transformations M3 —M4, which were measured within
the range 315 & T & 380 K, do not involve the actual
dissociation of the H from the XH complex. Rather, it
is likely that the transformations may be attributed to
changes in the actual configuration of t;he complex.

Tabata, Pudensi, and Machado suggest that intersti-
tial As could be involved in the metastable defect, as this
would explain the observed influence of the V-to-III ra-
tio on the concentration of the metastable levels. It is
also true, however, that an increase in the V-to-III ratio
during growth implies an increase in the concentration of
H in the MOVPE reactor (if one adheres to the normal
procedure of varying the group-V source while keeping
the group-III source constant).

Very recently, Cho et al. ' reported metastable be-
havior of deep levels in hydrogenated melt-grown (HB)
Si-doped GaAs, of concentration n = 1.2 x 10ir cm s.
They measured metastability occurring between a level
H2 (having similar characteristics to our M3) and a na-
tive defect, H3, which was present in their as-grown ma-
terial. Although they also detect a level H4 (most likely
our M4), they assume this to be an "electric field induced
defect, " exhibiting no metastability. By comparison, the
epitaxially grown GaAs used in this work contained no

H3 defect, either before or after hydrogenation. The
metastability we have studied clearly occurs between the
levels M3 and M4.

To conclude, we have presented evidence to show that
hydrogen is responsible for the metastable levels reported
by Buchwald and co-workers. ~ 5 The hydrogen can be
incorporated in the GaAs during the MOVPE growth
process. Thi+ may have important implications when
considering the growth of device structures by MOVPE.
We have also shown that the transformation between
the two metastable configurations obeys first-order ki-
netics throughout the entire annealing cycle. From these
measurements the transformation rates were determined.
Finally, the stability of the metastable defect has been
found to be'greater than that of the shallow donor-
hydrogen complex.
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