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Evidence of a Surface Acceptor State in Undoped Semi-Insulating GaAs
by Photothermal Radiometric Deep Level Transient Spectroscopy
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Siloxane passivated, undoped semi-insulting GaAs samples exhibit a smaller emission time constant in photothermal
radiometric signal decay than untreated samples. Sysfamevoltage and photoluminescence results for the passivated
sample indicate an upwards surface band bending which induces hole accumulation on the sample surface. This will decrease
the hole emission rate from a surface acceptor locategd+#0.27 eV. We also detected an identical activation energy in the
untreated samples, which verifies the energetic location of the acceptor state. The thermal emission cross section determined
for this acceptor strongly correlates with a discrete-surface-state model rather than a continuum-surface-state model, and help

explain Fermi level pinning in GaAs.
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Introduction

In this paper, we report on the first experimental evidence
of a surface acceptor state in semi-insulating GaAs from
photothermal radiometric deep-level transient spectroscopy
(PTR-DLTS) spectra. In conventional deep level impurity
characterization techniques, such as capacitance deep-level
transient spectroscopy (DLTS), this state cannot be
detected, because of its energetic location with respect to
the barrier height. While the barrier heights in GaAs vary
between 0.6 eV to 1.1 éVthe surface acceptor state we
have observed is located at 0.27 eV above valence band
maximum.

The significance of this surface state lies in the fact
that it helps shed more understanding to Fermi level pinning
at GaAs interfaces. At the device level this effect creates a
dominant, undesirable nonradiative recombination path for
GaAs-based laser structures and undoped semi-insulating
GaAs substrates. Researchers have tried to understand its
physical mechanisms by offering various models, notably
the advanced unified defect mode (AUDM) by Spieer
al?, the unified disorder induced gap state (DIGS) model by
Hasegawa and Ohfoand the metal-induced gap state
(MIGS) model by Tersoff Both the AUDM and the DIGS
models have confirmed from their independent experimental
results that Fermi level pinning largely originates from the
electronic structure of the host semiconductor crystal, when
a metal-semiconductor junction is formed. In GaAs-based
devices this often means undoped semi-insulating GaAs.
Nonetheless, the initial electronic configuration of the semi-
insulating GaAs is often discussed. The MIGS model, on
the other hand, maintains that the metal will dominate over
the substrate in pinning the Fermi level. To determine
which model realistically explains the situation in undoped
semi-insulating GaAs, we only need to prove the existence
of a surface acceptor state on this substrate. However, this
state has not been experimentally verified, although it was
postulated by the AUDM and the DIGS models to account
for a compensation mechanism with a surface donor sate
which is often linked to the bulk EL2 level since both
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occupy similar energetic locations. The main reason for this
lack of information stems from the limitations of
conventional capacitance DLTS which makes use of a
Schottky or ohmic contact. Both of these contacts fail to
produce a detectable signal from semi-insulating GaAs
substrates due to the extended space charge layer width of
these substrates. More importantly, both contacts will most
likely introduce metal-induced gap statead energetically
bury the acceptor state below the barrier height. Similar
situations will arise for the conventional transient
spectroscopic techniqifesdue to their requirements for
electrical contacts, even though those techniques were
originally specifically designed for semi-insulating
substrates.

Experimental

Recently, we introduced photothermal radiometric
deep level transient spectroscopy (PTR-DL%i8)prder to
eliminate all electrical contacts to the sample. This allows
the observation of both capture and emission processes from
surface states in a noncontact manner by using above
bandgap light as an excitation source. PTR-DLTS detects
time-dependent infrared emission in the wavelength regime
of A = 2-14um due to free carrier de-excitation in the
sample, which indirectly relates to the evolution of the
depth-integrated excess carrier population.

The PTR-DLTS setup used in this study has been
discussed elsewheté. It is worthwhile, however, to
mention that we maintain the rate window detection
technique that is used in capacitance DLTS to produce a
PTR-DLTS spectrum with temperature as the independent
variable. A peak is produced in the spectrum when the
pulse repetition period of the optical pump matches the time
constant in the PTR-DLTS signal decay, which is
subsequently processed by a two-phase lock-in amplifier.
Thus, by varying the pulse repetition periods, several peaks
will be produced at different temperatures. From these
peaks, the dependence of the time constant on the
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temperature is obtained, which will give the activation
energy of the deep level impurity:
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whereT, andAE are pulse repetition period and activation
energy, respectively. The three material parameters are:
capture cross sectioa,, effective density of states in
valence band\y, and thermal velocity of carrievg, ,, An

Ar laser emitting ~1W at 514.5 nm wavelength was used to
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Figure 3, the PTR transients from both samples clearly show
that the passivated sample exhibits an increased time
constant fort = 5 ps after the excitation light cessation.
(The excitation light consists of periodic square-wave pulses
of 50% duty cycle). This is confirmed by the longer pulse
repetition periods required to produce the PTR-DLTS peaks
in the passivated sample. The after-the- "knee" long-time
slopes calculated from Figures 3a and 3b are, respectively:
0.17 mVjps and 0.012 m\s. The identical activation
energies obtained for both samples indicate that the excess
carrier decay mechanism in both samples is controlled by
the same surface native defect for the pulse repetition

photogenerate electron-hole pairs. These pairs subsequently periods considered.

decay nonradiatively and will be trapped by surface states,
or recombine, due to a strong optical absorption on the
surface.

Two undoped semi-insulating GaAs samples were
used in these studies. The bulk electrical properties of both
samples are controlled by the EL2 defect. One sample was
untreated, while the other was chemically etched, followed
by sulfur pretreatment with subsequent coating with a
siloxane-type self-assembled-monolayer of thickness about
10 A!® The surface photovoltage (SPV) measurement
shown in Figure 1a clearly
indicates that the passivation has effectively tilted the
surface band bending upward, resulting in an increase of the
SPV signal. This is confirmed by an increased PL signal in
the passivated sample®t 15 K as shown in Figure 1b.
The upward surface band bending will degrade the
nonradiative recombination path on the surface by forcing
the excess electrons to drift to the bulk regime. These
excess electrons will then radiatively decay in the bulk at
cryogenic temperatures. (The lower energy peak in the PL
spectra is due to a carbon-related free-to-bowedC)
emission, while the higher peak is due to a bound exciton-
pair emission).

Results and discussion

In Figure 2, we show the PTR-DLTS spectra for both
samples along with their Arrhenius plots. Within pulse
repetition periods from 1fs to 30us, the untreated sample
produces PTR-DLTS peaks that move from higher to lower
temperatures as the repetition period increases. Therefore,
the time constant responsible for these péak®asesas
temperaturelecrease8 This behavior is characteristic of

a thermal emission process, opposite to a thermal capture
process. The latter is often insensitive to temperature, or its
time constant increases with increasing temperature. The
position of each peak is determined by a polynomial fit of
fourth order around the curve minimum for each curve of
Figures 2a and 2b. The Arrhenius plot created from these
peaks of the untreated sample gives an activation energy of
0.27 £ 0.01 eV. The passivated sample, meanwhile, only
produces peaks when the pulse repetition periods are set
from 30 us to 100us. These peaks yield an activation
energy of 0.26 £ 0.02 eV. These two activation energies are
remarkably close, and they are quite reproducible. In
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Figure 1: a) Surface photovoltage and b) Photoluminescence spectra of
untreated and passivated GaAs samples.
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Figure 2: Photothermal radiometric deep level transient spectra (PTR-
DLTS) for a) untreated and b) passivated GaAs samples. Also, shown are
c) the Arrhenius plot for each sample. These yield activation energies of
0.27 + 0.01 eV and 0.26 + 0.02 eV for the untreated and passivated
samples, respectively. PTR-DLTS spectra obtained here are from the
guadrature channel of the lock-in amplifier. The positions of the broad
minima in Figure 2b are indicated by arrows. The minima in (a) and (b)
were determined using fourth-order polynomial fits.

We cannot assign this process to a surface nonradiative
capture event that leads to a surface recombination event
since: 1) the activation energy is not affected by a surface
passivation which clearly changes the surface band bending,
as can also be inferred from our SPV and PL re3Suéad

2) the decay time constant for a nonradiative capture would
occur at much shorter time scale

commensurate with the excess carrier lifetime in semi-
insulating GaAs. Moreover the observed microsecond
decay time constant appears to be inconsistent with bulk-
defect-controlled mechanisms, such as processes involving
the EL2 center, that occur in the millisecond regtfne.
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Figure 3: Photothermal radiometric (PTR) transients from a) untreated and
b) passivated GaAs samples. The excitation light source is a periodic
square wave pulse with repetition periods ofi2@nd 8Qus, respectively,

and 50% duty cycle (ratio of pulse width to repetition period). The reduced
PTR decay amplitude in the passivated sample indicates a longer decay time
constant. A solid line representing the mean values of the transient in
Figure 3b has been drawn to aid the eyes.

Thus, we attribute the 0.27 eV activation energy to carrier
emission from a surface state. It will be shown that this
emission process corresponds to a hole emission from a
surface acceptor to the valence band. The early fast
transient decay shown in Figure 3 may therefore be due to
an electron and/or hole capture event that precedes the
carrier emission, since this decay time constant does not
change appreciably in both samples.

To understand the increased time constant exhibited in the
passivated sample, we suggest that hole accumulation on the
surface reduces the hole emission rate from the acceptor
states to the valence band. Upward surface band bending
pushes the Fermi level closer to the valence band, which
decreases the electron occupancy level of the acceptor.
This will further reduce the hole emission rate from the
acceptor, since it is less able to capture accumulating excess

holes. Figure 4 shows the band configuratisvcluding
the movement of excess carriers inside the space

charge layer. In this case, we neglect the
contribution from surface donor(s) since they are not likely
to participate in the hole transport process. The 2.4 eV
photons generate excess carriers within a depth of about 110
nm from the sample surface. The space charge layer width
for the passivated samples is approximatelyudn) while

the space charger layer width for the
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Figure 4: Proposed mechanism to explain the consistency of the 0.27 eV
level and the apparent increase of the PTR decay time constant in the
passivated sample. Excess carriers are captured Wwithihe ambiopolar
diffusion length from the surface, where the space charge layer width,

is one order of magnitude larger tHan Hence, few excess carriers are
injected into the bulk. In addition, hole accumulation exists on the surface
of the passivated sample due to an increased surface band b&fdrthe
barrier height introduced by passivation. The filled acceptor state
represents a high electron occupancy level, while the hollow state represents
a high hole occupancy level.

untreated sample is about 1@.** The narrower space
charge layer width in the passivated sample is due to
increased surface band bending. Therefore, most of the
excess carriers will never reach the bulk region since the
ambipolar diffusion length for undoped semi-insulating
GaAs is typically about 1-2im.* While the excess
electrons drift away from the surface, the excess holes will
be spatially confined in the surface, driven by a more
negative potential on the surface than in the bulk, and finally
captured by surface acceptor states. This observation
suggests that the hole transport is responsible for the PTR-
DLTS peaks.

Based on the approximatior- T,, we obtained an emission
cross section ofi, ~ 10™° cnt at 350 K by using typical
values for semi-insulating GaAs: thermal velocity of carriers
Vihp = 10 cm/s, and effective density of states in valence
band Ny = 10'® cm®. This suggests that multiphonon
emission proces$ is the dominant carrier emission
mechanism since another probable mechanism, i.e. cascade
process, induces a much larger cross settion.

A numerical simulation of the PTR-DLTS
spectrum was performed based on the carrier transport
equation solution given by Cheet al’ to test the
assumption of ~ T,. We found that both values were of
the same order of magnitude. The significance of this result

comes from the fact that a cascade process assumes step

like, discrete deep level impurities in the band gap, which is
not very far from a continuum surface state configuration
assumed in the MIGS model. Based on the foregoing
arguments, we suggest that the defect-related mechanisms
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as proposed by the AUDM or the DIGS model may be the
dominant mode in pinning the Fermi level in undoped semi-
insulating GaAs.

The activation energy we obtained coincides with
the reported value for ¥g, vacancy defect in the bulk
region’’ Spicer et al?, however, assign the surface
acceptor state to a (aantisite defect in their AUDM
model, while Hasegawa and ORraitribute the acceptor
state to the hybrid orbital energy of thg’ bond of the
semiconductor. We have confirmed its energetic location
from our PTR-DLTS results, but further physical analyses
are needed to determine conclusively the physical nature of
this acceptor state, which is still an open question at present.

Conclusions

In summary, we have shown that PTR-DLTS can reveal the
theoretically predicted surface acceptor state in undoped
semi-insulating GaAs, which is crucial in understanding the
Fermi level pinning in this material. Our results support
both the AUDM and the DIGS models which allow
multiphonon emission transition for the electron energy
dissipation. We also show that it is possible to observe
carrier emission processes by the photothermal radiometric
DLTS technique, an exciting development for this newly
introduced analytical methodology.
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