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The donors in undoped and S-doped GaAs are passivated by exposure to a hydrogen plasma. The
inliuence of laser illumination (1.54 eV) on the reactivation of the passivated donors at 100 'C is
investigated. It is found that the dissociation of the donor-hydrogen complex is greatly enhanced
under illumination. The reactivation of the passivated donors follows an initially fast process, which
for long annealing times reduces to a reactivation process obeying second-order kinetics. The rate-
limiting process is explained in terms of the combination of two hydrogen atoms into a molecular
species.

There is considerable current interest in the hydrogena-
tion of GaAs, due to the ability of hydrogen to passivate
the electrically active impurities and defects present in
the material. In both n and p-ty-pe GaAs, passivation
of the shallow impurities results from the formation of
electrically neutral dopant-hydrogen complexes. Be-
fore the possible benefits of hydrogenation can be ap-
plied to processing techniques and technological appli-
cations, however, the important question regarding the
thermal stability of the dopant-hydrogen complex under
normal operating conditions needs to be addressed. In
spite of many investigations of the properties of H in
GaAs, relatively little is known about either the stability
of the complexes, or the kinetics governing their dissoci-
ation. The major studies in this regard have been con-
ducted by Pearton et a/. 4 By using capacitance-voltage
(C-V) measurements to obtain the carrier density pro-
files in a series of hydrogenated n-type GaAs samples,
that had been isochronally annealed in the temperature
range 250—400'C, they measured a dissociation energy of
about 2.1 eV for the donor-hydrogen complexes, DH (D
= Si, Se, S, Te, Sn and Ge). In their calculations, they
implicitly assumed that the reactivation process obeyed
first-order kinetics. By contrast, in a recent studys of
H-passivated Se-doped GaAs, we found that the thermal
reactivation process obeyed first-order kinetics through-
out the entire annealing time, provided the thermally
dissociated hydrogen was drifted away from Se (through
the application of an electric field) to prevent the SeH
complex from again forming when cooling the sample.
From our C-V measurements we determined a smaller
dissociation energy of 1.52 eV for the SeH complex.

There is only minor reported evidence for the inhu-
ence of light on the passivation of GaAs. For p-type
GaAs, Szafranek et al s" report. ed a light-induced reacti-
vation (LIR) effect occuring at low temperatures during
photoluminescence measurements on p-type GaAs. They
attributed this reactivation process to electron-hole pair
trapping at the acceptor-hydrogen complexes. Taven-
dale et al. reported that acceptor passivation in p-type
GaAs is unstable to minority-carrier injection by illumi-

nation at 25'C. They showed that the reactivation of
the acceptors under illumination did not result from di-
rect photodissociation of the acceptor-hydrogen complex,
but could be attributed to minority-carrier injection. No
investigation of the kinetics controlling the dissociation
process was, however, reported. For the case of n-type
GaAs, there is also a clear need for the effects of light on
the stability of the donor-hydrogen complex to be inves-
tigated.

In this paper we show that the thermal dissociation of
the donor-hydrogen complex in n-type GaAs is greatly
enhanced under illumination. Furthermore, it is found
that the reactivation process may be described by second-
order kinetics. The rate-limiting process is the recombi-
nation of two hydrogen atoms into a molecular species.

The GaAs material used in this work consisted of 5-
pm thick S-doped GaAs (n = 7 x 10is cm s), grown
by metalorganic vapor phase epitaxy (MOVPE) on an
undaped semi-insulating GaAs substrate. Some mea-
surements were also performed on 10-pm thick undoped
(n = 2x 10is cm s) GaAs layers, also grown by MOVPE.
AuGe-Ni Ohmic contacts were formed an corner sections
of the epitaxial layer surfaces. Hydrogen was then intro-
duced into the material at 180'C by exposing it for 2
h to a hydrogen plasma in a remote dc plasma system.
During hydrogenation the samples were mounted on a
heater block about 10 cm downstream from the plasma
(i.e. , outside the direct plasma). Further details of the
hydrogenation process have been given previously. 5

After passivation, the GaAs was lightly etched for 40
s in HqSO4. Hz0z.'H20 (1:8:160)to remove approximately
0.2 pm off the plasma-exposed surfaces. This was to pre-
vent the possibility of surface-related defect states (orig-
inating from the plasma treatment) infiuencing the elec-
trical measurements to be performed. Semi-transparent
( 30 nm thickness) Au Schottky contacts (1 mm di-
ameter) were then evaporated on the etched surfaces.
In order to determine the depth of the passivation in
the GaAs, some Schottky contacts were evaporated di-
rectly on the as-passivated (nonetched) surfaces. Schot-
tky diodes were also fabricated on a reference sample that
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had not been exposed to the plasma.
Capacitance-voltage (C-U) measurements at 1 MHz

were used to profile the net donor concentration in a
S-doped GaAs layer at room temperature. The mea-
sured concentration after hydrogenation was 1 x 10
cm, with the passivation extending to a depth of about
0.5 pm. Identical carrier concentration profiles were ob-
tained from C-U measurements at 77 K. We therefore
rule out the possibility of compensating deep levels caus-
ing the measured reduction in carrier concentration after
hydrogenation. Rather, this reduction from a bulk value
of 7 x 10'6 cm is attributed to the formation of the elec-
trically neutral SH complex. Thus S-doped GaAs can be
efhciently passivated, using the above-mentioned hydro-
gen plasma conditions.

The influence of light on the thermal dissociation of
the SH complex was investigated, by focusing the emis-
sion from an A1~Gai As power laser diode (A = 802 nm,
E = 1.54 eV) onto a semitransparent Schottky contact,
while annealing at 100 C. ln order to minimize edge ef-
fects, the diameter of the laser spot was set larger than
the Schottky contact. After an annealing time t, the tem-
perature was rapidly decreased to room temperature by
briefly immersing the sample holder in liquid nitrogen.
The Schottky diode, which was kept in the open-circuit
configuration during the annealing cycle, remained in the
dark for both the heating and cooling steps. The incident
photon flux was monitored by measuring the photocur-
rent I&h of the Schottky diode under reverse bias condi-
tions at room temperature, before and after each anneal.
By measuring the photon flux P with a power meter, we

have found that for the photocurrent range used in this
study (10 —100 pA), P = pI&h, with p = 189 mW cm
mA . It has been shown~o that for even larger power
densities, the possibility of localized heating of the sam-
ple during illumination is negligible.

Figure 1 shows a series of carrier concentration pro-
files measured on the same Schottky diode, after anneal-
ing under laser illumination (I&h ——100 pA) at 100'C.
For increasing annealing times t, there is a progressive

reactivation of the S donors, with a corresponding in-
crease in the carrier concentration. After 27 h, the ma-
jority of the S donors have been reactivated, leading to
a restoration of the original carrier concentration of the
GaAs. By comparison, annealing another hydrogenated
S-doped sample in the dark for a similar time yielded
no noticeable change in the carrier concentration profile.
Thus the reactivation of the passivated S donors may be
directly attributed to the influence of the incident light
during the annealing cycle. Furthermore, the rate of re-
activation was found to be very sensitive to the photon
flux incident on the Schottky contact.

The carrier concentration profiles of Fig. 1 represent
the electrically active S-donor concentration, N(t), in the
GaAs. In order to quantitatively analyze the reactiva-
tion of the SH complexes, we have measured the inactive
donor concentration R(t) = No —N(t) at z = 0.2 pm.
To obtain an accurate value of the original S-donor con-
centration No, the annealing process was continued until
no further reactivation could be detected. The plot of
inR(t) versus t is found to strongly deviate from a lin-
ear relationship, indicating that the reactivation of the S
donors does not follow first-order kinetics. By contrast,
Fig. 2 shows that a linear relationship is obtained from
the plot of R i(f) vs t, With. the exception of data for
short annealing times, where there is a deviation from
linearity, the straight line seen in Fig. 2 implies that the
reactivation process can be described by the second-order
equation:

dR
dt

F j

where the second-order annealing parameter r' = 4 x
10 zi cms/s at z = 0.2 pm. Deeper into the GaAs (z =
0.25 pm), the value obtained for r' is slightly higher (6 x
10 ~' cms/s).

In a similar manner we have examined the reactiva-
tion of the donors in nominally undoped (n = 2 x 10
cm s) GaAs, by annealing at 100'C with light (Izh —10
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FIG. 1. Carrier concentration profiles in hydrogenated S-
doped GaAs, after annealing at 100 C with light (I~a = 100
pA) for increasing annealing times t

FIG. 2. Analysis of the annealing kinetics describing the
reactivation process of Fig. 1. The inactive donor concentra-
tion R was measured at a depth x = 0.2 pm. The solid line
represents the fit of the data to Eq. (1), for t ) 60 min.
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pA). We again obtain a second-order reactivation pro-
cess, qualitatively similar to the results of Fig. 2. The
annealing parameter r' = 4 x 10 is cms/s is, however,
two orders of magnitude larger than what was measured
in S doped GaAs, in spite of the much smaller laser pho-
tocurrent used for the undoped GaAs. We conclude that
the rate of reactivation of the donors is strongly depen-
dent on the concentration of donor-hydrogen complexes
in the material. As before, no change in the carrier con-
centration is measured when annealing at 100'C in the
dark.

We interpret the reactivation process of Fig. 1 in the
following manner: The dissociation and formation of the
electrically neutral SH complexes is described by the fol-
lowing reaction and kinetic equation:

(SH)' = S+ + H-

c)[SH]
t

= 0.[H](No —[SH]) —vsH [SH],

where [H] and [SH] are the concentrations of free atomic
hydrogen and SH complexes, respectively, No is the uni-
form S donor concentration in the nonhydrogenated sam-
ple, a is the capture coeKcient of the atomic hydrogen by
the active S donors, and vsH is the dissociation frequency
of the SH complex. The first term on the right-hand side
of Eq. (3) describes the formation of SH complexes, while
the term vsH[SH] describes their dissociation.

The reactivation of the 8 donors implies that reaction
(2) must proceed predominantly to the right. The dis-
sociated H, which will be in a negatively charged state
immediately upon dissociation, 5 must therefore either be
removed from the vicinity of the ionized donor, or con-
verted into an electrically inactive state. We have pre-
viously found5 that the thermally dissociated H can be
drifted away from the ionized donors by the electric field
within the space-charge region of a reverse-biased Schot-
tky diode, when annealing at 150'C. This results in the
local concentration of H remaining negligible and Eq. (3)
reducing to a first-order equation, which is experimen-
tally measured. 5 In the present case, however, the ab-
sence of an electric field rules out the possibility of H
drift from taking place. Furthermore, the carrier concen-
tration profiles of Fig. 1 do not support the possibility of
an out diffusion of H during the annealing process.

We therefore conclude that the H, upon dissociation
from the ionized donor, is converted into a state that is
both electrically inactive and stable, for temperatures up
to at least the annealing temperature (100'C). The fact
that the reactivation process can clearly be described by
second-order kinetics, as seen in Fig. 2, suggests that the
negatively charged hydrogen (H ) is converted into some
molecular form, according to the following reactions:

dR R2

dt (N, —R)z' (6)

where the annealing parameter r is related to r' by
r'/N&. Equation (6) was derivedio by assum-

ing that reaction (2) occurs faster than reaction (4).
Dynamic equilibrium is then achieved for reaction (2)
(d[SH]/dt = 0). For short annealing times, the assump-
tion that most of the hydrogen remains trapped at the S
donors ([H]«[SH]) leads to Eq. (6). The integral form
of Eq. (6) is

S(t) =rt+S, 0
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greater than the band gap of the GaAs [1.3S eV at 100'C
(Ref. 11)]. During the annealing process, the incident
light will therefore be absorbed within a depth deter-
mined by the absorption coefIicient. This corresponds
to a depth of approximately 1 pm, i where electron-hole
pairs will be generated. The injected minority carriers
(holes) will difFuse to the vicinity of the dissociated hy-
drogen, thereby enhancing the conversion of H into H,
according to reaction (4). This explains why the rate of
reactivation of the S donors was found to be so sensitive
to the incident photon Aux. On the other hand, when an-
nealing at 100'C in the dark, the absence of generated
minority carriers removes the driving force for reaction
(4) to occur and no reactivation is measured.

Returning to Fig. 2, it is noted that the initial reacti-
vation of the S donors occurs at a faster rate than that
described by second-order kinetics. Even for this initial
reactivation, however, it was not possible to use first-
order kinetics to describe the process. For more clarity,
we have replotted the relevant section of Fig. 2 on an
expanded time-scale in Fig. 3 (left-hand axis). Such an
effect has been reported before for the reactivation of
hydrogenated B-doped Si. In that case, the enhanced
reactivation was found to satisfy the following equation:

H ~H+e

H+ H —+ H2. (5)

The energy of the incident laser beam (1.54 eV) is

FIG. 3. Analysis of the annealing kinetics based on Eq.
(1) (&, left-hand scale) and Eq. (6) (+, right-hand scale), for
short annealing times (t & 120 min). The solid lines represent
the fit of the data to Eq. (1) (for t ) 60 min) and Eq. (6), with
r' = 4 x 10 cm /s and r = 9 x 10 cm /s, respectively.
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with 8 = I»I, /R+2I»I, lnR R—. In Fig. 3 (right-hand axis)
we have plotted S(t) vs t, from which we obtain a linear
dependency with an annealing parameter r = 9 x 10
cm s/s. It is seen that Eq. (6) satisfactorily describes
the initial fast reactivation process of Fig. 2. For R && N,
(long annealing times), however, Eq. (6) reduces to the
standard second-order form given by Eq. (1).

To conclude, we have shown that the passivated donors
in hydrogenated undoped and S-doped n-type GaAs may
be reactivated at 100 'C by annealing under illumination.
The reactivation follows an initially fast process, which
for long annealing times reduces to a second-order ki-
netic equation. The rate-limiting process is found to be
the combination of two hydrogen atoms in a molecular
species. Although from our measurements we cannot de-
rive further information regarding the structure of the

molecular species, it is electrically neutral and stable up
to at least the annealing temperature. One possibility
is that the hydrogen becomes trapped at lattice vacancy
clusters, forming hydrogen platelets, which have been re-
ported by Neethling and Snyman. ~s Finally, our results
show that the donor-hydrogen complex in passivated n-

type GaAs is very unstable to light. This may have
important implications when applying the H passivation
treatment to both optoelectronic and other devices.
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