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The influence of surface state density Ngg and bulk non-radiative lifetime zon room temperature
photoluminescence quantum efficiency Yp, and surface photovoltage (SPV) versus the excitation
light intensity @ was studied theoretically for GaAs and wurtzite GaN using self-consistent
computer simulations. It was demonstrated that SPV(®) dependences are more sensitive than
Yp (@) to a change in magnitude of Ngg, especially for high Ngg and at low @, whereas SPV is
practically insensitive to zcontrary to Yp, . The simultaneous measurement of Yy, and SPV versus
@, combined with rigorous computer analysis, seems to be a very promising method for contactless
characterization of the surface and bulk trap parameters.
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1. Introduction

GaAs, GaN, and related compounds due to their electronic, optical, and thermal
properties are very promising in the fabrication of high-frequency, high-temperature
and high-power transistors [1-7], as well as of light emitting diodes (LEDs) and lasers
up to ultraviolet range [8-11]. In such devices, a non-radiative recombination of charge
carriers through surface states and bulk traps is very detrimental because it reduces
light emission and current amplification, and leads to a device degradation due to
heating crystal lattice and forming defects [10-14]. Moreover, the device
miniaturization causes that the surfaces and interfaces contribute more and more to
the device performance through such undesirable effects as the pinning of surface
Fermi level Eg, increasing leakage currents, gate lag etc. [14-16]. Therefore, the
control and characterization of surface and bulk recombination parameters such as
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surface state density Ngg, surface recombination velocity Sy, and non-radiative
lifetime of charge carriers 7, are very important during the device fabrication process.

It has been already shown that the photoluminescence surface state spectroscopy
(PLS®) which was developed by the group of Hasegawa [17], is a powerful,
non-destructive, and contactless method for determination of the energy distribution
of the surface state density Ngg(E) on both free and covered surfaces, in situ and
ex situ. PLS® is based on the measurement of the photoluminescence quantum
efficiency Yp, as a function of the excitation light intensity @ at room temperature and
the subsequent fitting of the theoretical dependence to the experimental data allows to
determine Ngg(E), Ers, and Syt

However, the surface contribution is often difficult to extract from
photoluminescence (PL) due to the complexity of electronic processes in an
illuminated semiconductor as well as the lack of precise information about the values
of bulk recombination parameters, which is the case of GaN. Therefore, systematic
theoretical studies of the influence of both the surface and bulk parameters on measured
non-equilibrium phenomena are necessary. Moreover, other techniques complementary
to PLS® should be developed for more unambiguous and quantitative determination of
surface and bulk recombination parameters. A method based on the photoinduced
change in the surface potential (surface photovoltage, SPV), whose measurements are
widely used in semiconductor science [18], seems to be a promising candidate.

In this work, the authors performed a numerical analysis of the dependences of
both Yy and SPV versus @ in the wide range of photoexcitation at GaAs and
wurtzite GaN surfaces. The Yy (@) and SPV(@) theoretical curves were calculated
by a unique computer simulator of non-equilibrium phenomena in semiconductors. In
computations, we assumed continuous and discrete distributions of the surface state
density, which are typical for surfaces and interfaces of GaAs and GaN used in
technology. Using calculation results, the influence of surface parameters Ngg(E), and
of a bulk parameter 7 on the non-equilibrium phenomena in the surface region of the
studied semiconductors was investigated.

2. Computation procedure

For numerical calculations of the PL efficiency and surface photovoltage versus
excitation intensity &, we used a 1D Scharfetter-Gummel-type vector-matrix
computer program, developed by Saiton et al. [17] for modelling of photon-induced
phenomena in a semiconductor. The program takes account of all possible
recombination processes in a bulk, including band-to-band radiative transitions,
Shockley—Read-Hall (SRH) recombination through deep levels and Auger
recombination, as well as non-radiative recombination via surface states. After the
self-consistent solving of the Poisson’s equation, current equations and continuity
equations in a semi-infinite sample, the simulator rigorously determines the steady-
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state electron n(x) and hole p(x) densities, and electric potential V(x) at a distance x
from the surface. Then, for different @, the simulator calculates Y, , S, SPV, and
many other bulk and surface quantities.

In the calculations, a U-shaped continuum of the surface state density distribution
Nss(E) was assumed in accordance with the disorder induced gap state (DIGS) model
by Hasecawa and Onno [19]. The DIGS spectrum origins from the amorphous-like
surface structure disorder and thus consists of donor-like states distributed below the
so-called charge neutrality level Eq, and acceptor-like ones distributed above Eq.
The Eyp lies 0.96 eV below the bottom of the conduction band E; for GaAs surface,
and at Ec — 1.2 eV for GaN. The Ngg(E) is expressed by the formula:

E-Epol ) ™"
Ngs(E) = Nssoexp[(—| = HO'} ]
0D, A

where Nsgq is the minimum surface state density, Egp 4 and np_ are the parameters
responsible for the curvature of Ngg(E) function for donor-like states (subscript D) and
acceptor-like ones (subscript A), respectively. For the GaN surface, we assumed
additionally a Gaussian discrete level, frequently attributed to nitrogen vacancy [20],
at Ep = E¢ — 0.4 eV with the full width at half maximum (FWHM) of 0.05 eV.

The GaAs sample was assumed to be excited by the green line (514 nm) of an Ar
laser, whereas the GaN one by the 325 nm line of a He-Cd laser. The calculations were
carried out for the n-type (doping of 10*” cm=3) GaAs and GaN, the surface state cross
-sections for carrier capturing of 1076 cm?, the bulk lifetime zof 10~ s, and at room
temperature. Other necessary surface and bulk parameters of GaAs and wurtzite GaN
were taken from [21-24].

3. Results and discussion

The dependences of Yp,_and SPV versus @and Ngg, calculated for GaAs and wurtzite
GaN are summarized in Figs. 1 and 2, respectively. The surface state density
distributions assumed in the computations are shown in the figure insets. From the
presented plots, itis evident that the rigorously calculated Yp, and SPV depend strongly
on both Ngs and @. In particular, the changes in Yp, reach 2 orders of magnitude and
SPV does not saturate even under very high @, contrary to the predictions of simplified
models. The former effect is caused by the gradual saturations of surface states as
recombination centers and the @-induced decreasing of Sy. The latter is due to
Dember photovoltage. Both effects have been previously observed for GaAs, AlGaAs,
and InP and have been explained in detail elsewhere [25].

The comparison between Yp and SPV spectra of GaAs and GaN leads to the
following statements:
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Fig. 1. 3D plots of PL quantum efficiency Yp, (a) and surface photovoltage SPV (b) vs. excitation light
intensity @ and vs. the minimum surface state density Ngg, for GaAs with Ngg(E) shape shown in the
inset in Fig. 1b.
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Fig. 2. 3D plots of Y, (a) and SPV (b) versus @ and vs. the minimum surface state density Ngg, for GaN
with Ngs(E) shape shown in the inset in Fig. 2b (Ngp, is fixed at 10 eV~lcm™).

1. The high Ngs quenches Yp due to increasing non-radiative surface
recombination but increases SPV because of the sensitisation of the more depleted
surface region to photon-generated excess carriers which drastically change the
potential profile in the sample.

2. SPV is more sensitive than Yp, to the change in the surface state density in the
region of high Ngg and at low excitations. The Yp (@) curves are much less resolved
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Fig. 3. Yp_ (solid lines) and SPV (dashed lines) vs. @ calculated for different values of bulk lifetime z
for GaN with Ngg(E) shown in the inset of Fig. 2b.

under these surface conditions because of a huge surface recombination. From the
measurement point of view, it is a great advantage of SPV to provide electronic
information on the highly disordered and defected I11-V surfaces because most optical
techniques, e.g., PL-based, fail for high Ngg due to small signals.

3. Yp, for GaN is generally larger than for GaAs, and Y (@) dependences exhibit
more dynamical changes versus Ngg, probably due to the higher value of the radiative
recombination coefficient in GaN.

It should be also underlined that SPV can be measured in absolute units (volts)
contrary to Yp,, which is almost always expressed in arbitrary units. Therefore the
fitting of theoretical dependences to experimental data and unique gquantitative
determination of surface parameters, like Ngg(E), should be easier for SPV as
compared to PLS® method.

The influence of the bulk lifetime of carriers 7 on Yp_and SPV spectra from GaN
is presented in Fig. 3. The values of 7 in the range from 107° to 10~" s were taken from
the literature [24, 26-28]. It is clear that the bulk lifetime governs Yp (@) spectra
especially in the low and medium excitation regions (relative change in Yp, up to 50%),
whereas the changes in SPV(@®) curves for different zare very little. This finding can
be explained in terms of recombination mechanism. Namely, the shorter lifetime
means the greater non-radiative SRH recombination rate via bulk deep levels and
consequently lower Yp, . However, the SRH recombination act is a binary (electron
-hole) process and it does not change the net charge of carriers, thus the steady-state
potential profile V(x) and, consequently, SPV should be insensitive to 7 at least in the
first approximation. In this context, the combined use of the PLS® and SPV techniques
would enlarge markedly contactless characterisation of the surface electronic status.
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4. Conclusions

We performed the rigorous numerical analysis of the influence of surface states in
terms of their density distribution Ngg(E), and bulk traps in terms of lifetime 7z on
the Yp, (@) and SPV(@) dependences. It was shown that SPV is more sensitive to the
change in Ngg(E) compared to Yp for the surfaces with high surface state densities
and under low excitations. On the other hand, SPV is practically insensitive to the bulk
non-radiative lifetime. The combination of power-dependent Yp, and SPV methods
seems to be very promising for contactless and non-destructive characterization of
wide-bandgap semiconductors like GaAs and GaN.
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