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The local carrier properties, including minority diffusion lengths and surface recombination
velocities, were measured at single thread dislocations in GaN film by a combination of surface
photovoltage spectroscopy and Kelvin probe force microscopy. The thread dislocations
introduced by a nanoindentation were observed as V-pits, where the photovoltage was lower
than that on plane surface under ultra-violet illumination. A model is proposed to fit the
spatially resolved surface photovoltage spectroscopy curves. Compared with those on plane
surface, the hole diffusion length is 90nm shorter and the surface electron recombination
velocity is 1.6 times higher at an individual thread dislocation. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4772538]

Gallium nitride (GaN) is a promising material for its
applications in optical and electronic devices. Carrier proper-
ties in GaN including minority diffusion lengths and surface
recombination velocities are of significant importance in
improving device performances. For instance, in Schottky or
p-n junction photovoltaic detectors, due to a large absorption
coefficient of GaN, carriers are generated close to the surface
and recombine. A sufficiently long minority diffusion length
and a suppression of surface recombination velocity are
helpful in the realization of high sensitivity.' There are simi-
lar requirements for other GaN-based devices, including het-
erojunction bipolar transistors” and Schottky barrier or p-n
diodes.” It is known that these carrier properties strongly
depend on the density of thread dislocations, which is usually
high for GaN films grown heteroepitaxially on non-native
substrates such as sapphire and SiC.>™* Therefore, a better
understanding of the dislocation structures and their influ-
ence on carrier properties is necessary. However, for most of
the characterization methods, such as photoluminescence,5
surface photovoltage (SPV),° and photocurrent’ measure-
ments, the spatial resolution of as-measured carrier proper-
ties is low, which makes it difficult to reveal the relationship
between the experimental results and the local dislocation
structures. Electron beam induced current (EBIC) method is
capable of achieving the inhomogeneity of minority diffu-
sion length along a depth gradient, but a p-n junction or a
Schottky barrier has to be made at cross-section.®’ A simul-
taneous measurement of the topography, the local minority
diffusion length, and the surface recombination velocity at a
single thread dislocation is still needed.

In this letter, we demonstrate a non-destructive way to
meet this goal with a combination of surface photovoltage
spectroscopy (SPS) method and Kelvin probe force micros-
copy (KPFM). The contact potential difference (CPD) at
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nanometer scale varying with the incident photon energy
was measured with corresponding topography image. SPS
responses at single thread dislocations near a nanoindenta-
tion on a GaN surface can be distinguished. A model to
quantitatively analyze the minority diffusion length and the
surface recombination velocity from the measured SPS spec-
tra is proposed. There is a reduction of minority diffusion
length by 90 nm and 1.6 times higher surface recombination
velocity at dislocation positions compared with those meas-
ured in plane area.

Fig. 1(a) is the schematic diagram of our homemade ex-
perimental setup for local ultra-violet (UV) SPS tests. A Pt-
coated tip (ACCESS-EFM, Appnano) was utilized to mea-
sure the CPD with KPFM method. The tetrahedral tip that
protrudes from the very end of a cantilever made less shadow
under the illumination of a beam of upright incident light.
The KPFM measurements were performed in two-pass mode
on an atomic force microscope (AFM) (NTEGRA SPEC-
TRA, NT-MDT) under protection of nitrogen atmosphere.
The topography was obtained in the first pass. Then in the
second pass, the tip was lifted by 100nm and follows the
trace of topography. An AC voltage of 2.0 V was applied on
the tip. A DC voltage was generated by a feedback loop to
nullify the oscillation of the cantilever and was recorded as
measured CPD.

The tunable monochromatic light was generated by a
450 W xenon lamp and a monochromator (IHR320, Horiba
JY). A long pass filter of 324 nm is inserted to prevent the
secondary scattering of the spectrometer. In our experiments,
the slit width of the monochromator is 0.6 mm corresponding
to 0.5nm spectral resolution. The monolight was carried by
a fiber to avoid the vibration of the AFM head. The output of
fiber was aligned by a collimator and focused by an UV
objective (50 x, 0.55N.A.) into a spot with a diameter of
20-25 um. In literatures for local SPS measurements with
illumination at visible range,lo_12 the output of fiber is

© 2012 American Institute of Physics
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FIG. 1. (a) Experimental setup for local surface photovoltage measurements
in UV spectral range. (b) The distribution of light intensity around the posi-
tion where the AFM tip is located on a GaN surface. The red line indicates
the tip shadow. (c) The profile of the light spot. (d) The diameter of the light
spot versus wavelength. (e) The red curve is the power density of light Dp
versus wavelength and the blue dashed curve is the surface reflectivity R of
GaN versus wavelength calculated by FDTD method.

directly illuminated on the tip position with a large light spot
at millimeter scale. With such configuration, the power den-
sity of light would be weaker at UV range than that at visible
range because of the inhomogeneous output of Xenon lamp.
Therefore, in our configuration, the UV objective was added
to obtain higher power density for the enhancement of SPS
response at nanometer scale. To measure the spot size, a

(a)_A B
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half-transparent mirror was inserted between the collimator
and the objective. The light reflected by the mirror was col-
lected by a confocal Raman spectrometer (HR800, Horiba
JY). A piezo-driven mirror on the collection path can scan
its angle in X/Y directions and make a confocal mapping of
the light intensity around the spot. The results are shown in
Fig. 1(b). The shadow of the projected tip and cantilever was
marked by red lines, which can help the tip positioning at the
center of the focused light spot. The intensity profile of the
light spot is shown in Fig. 1(c) with a full width at half maxi-
mum (FWHM) of 22.5 um at 365nm wavelength. In the
spectral range from UV to visible, the change of the spot size
caused by chromatic dispersion is shown in Fig. 1(d). The
measured FWHM at 330-650nm ranged from 20 to
24.5 um. As shown in Fig. 1(e), the power density of light
versus wavelength was calculated by dividing the measured
light power underneath the UV objective by the area of light
spot. The local SPS was acquired by ramping the light wave-
length from 600 to 330 nm with a fixed stepwise of 1.0 nm.
At each wavelength, the tip was held at the same position
until a steady CPD was measured.

The sample was a free-standing native n-type GaN
grown by hydride vapor phase epitaxy (HVPE) method with
a thickness of 0.3 mm (Suzhou Nanowin Co. Ltd., Suzhou,
China). The dislocations density of as-grown crystal was
extremely low (< 10°cm™2). At the center of the scanned
area shown in Fig. 2(a), a nanoindentation with a depth of
about 290 nm is produced using a nanoindentation system
(Nano Indenter G200, Agilent) with a Berkovich diamond
tip following the same procedure in Ref. 13. The indentation
introduces defects including point defects and thread disloca-
tions.'> At the top-left corner in Fig. 2(a), several V-pits
associated with the termination of thread dislocations can be
observed. The depth of the V-pit in the red circle marked
with A is measured to be about 1.0 nm in the topography pro-
file shown in Fig. 2(a). Fig. 2(b) is the CPD image of the
same area in darkness condition. As shown in the CPD pro-
file in Fig. 2(b), the same CPD values of about 607 mV are
measured for the dislocation position A and the nearby plane
position marked with B. However, under above-bandgap
light excitation, lower CPD can be observed at the V-pit
positions. Fig. 2(c) is the CPD image under illumination of
monochromatic light with the wavelength of 360 nm. The V-
pit positions show dark points in the image. As shown in the
CPD profile in Fig. 2(c), the CPD at the plane position B is
increased to 776 mV by a SPV value of 168 mV. The SPV at
dislocation position A is 155 mV, which is 13mV less than
that at position B. For a quantitative analysis of the local car-
rier properties, the SPS V.(41) were measured at the

A B
= FIG. 2. (a) The topographic image

around a nanoindentation with a scan
area of 10 x 10 um. A V-pit of thread dis-
location is marked with A and a nearby
plane position is marked with B. (b) and
(c) are the CPD images of the same area
acquired under dark condition and under
UV illumination with wavelength of
360 nm, respectively. The curves in the
images are the profiles along the white

10 lines.
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FIG. 3. The red circles and the black squares are local SPS V(1) measured
at the dislocation position A and the plane position B, respectively. The red
and black lines are fitted SPS curves with Eq. (4). The inset is the absorption
coefficient o(4) for GaN applied in fitting process.

dislocation position A and the plane position B, respectively,
as shown in Fig. 3.

The calculation of the local minority diffusion length
and the surface recombination velocity from the SPS data is
as follows. The typical band diagram near the surface of n-
type semiconductor is shown in Fig. 4(a). At the semicon-
ductor surface, surface states are formed due to the disorder,
dangling bonds, and adsorbents. The filling of surface states
causes negative surface charges with density of n,. The
upward band bending is formed with a depletion region
width W. The capture of bulk electrons by unoccupied sur-
face states and the emission of electrons from occupied sur-
face states into the bulk are described by the carriers flows:
Rys and Ry,. In the darkness, the flow of electron is in
equilibrium:®

D,
Rps = Ry, = Ry = s,N¢ exp <— CIkTo>7 (D

where s, is the surface electron recombination velocity, N¢
is the effective density of states in the conduction band, ¢ is

) __Rbs
Rsb
1@0 hv
R S L LY O wws [
W\ WAS VW‘->AW/V\'>@
hv
Teee—- e
Surface Bulk w L
(a) (b)

FIG. 4. (a) The band diagram at an n-type semiconductor surface in dark-
ness (dashed line) and under illumination (solid line). (b) A schematic of the
diffusion of photo-generated holes in bulk. Definitions of symbols: n; is the
surface charge density, Ry is the electron flow from the bulk captured by
unoccupied surface states, Ry, is the electron flow emitted from occupied
surface state into the bulk, R, is the photo-generated holes flow, @ is the
distance between the surface Fermi level and the conduction band in dark-
ness, V. is the surface photovoltage, iv is the photon energy.

Appl. Phys. Lett. 101, 252107 (2012)

the electron charge, and @, is the distance between the
surface Fermi level and the conduction band as shown in
Fig. 4(a).

Under the illumination with a photon energy of hv, addi-
tional flow of carriers R; is generated which changes the
band bending by a SPV value V, as shown in Fig. 4(a). Con-
sidering that the density of surface states is of the order of
10'*cm~? while the density of surface charge n; is of the
order of 10'? cm™2 for GaN, the distance between the surface
Fermi level and the conduction band ®, keeps almost
unchanged and thus the rate Ry, of electrons emitted from
the surface level is the same as that in darkness expressed by
Eq. (1). However, the reduction of band bending makes the
rate R, of bulk-to-surface electron flow change to

M)

Rys = s,Nc exp ( T

V
= Rpexp (qk_TL> .

In the case of above-bandgap excitation, photo-generated
flow R; mainly contributed by the bulk-to-surface flow of
light-induced holes due to the separation of electron-hole
pairs. As shown in Fig. 4(b), the absorption of light inside
the bulk creates electro-hole pairs. On average, minority
carriers (holes in the n-type semiconductor) created in the
regions within a diffusion length of L live long enough to
diffuse to the depletion region. These holes are subse-
quently swept to the surface along with the holes generated
within the depletion region. Then, photo-generated flow of
holes R; is the light fluxes (photons per square centimeter
per second) absorbed within a depth of (W4 L) from the
surface.'* In our experiments, the samples are illuminated
from the front side. The light fluxes Py, therefore, decrease
inside the bulk as exp(—ax), where o is the absorption coef-
ficient and x =0 at the surface. So, R; can be calculated as

@)

WL
R; = J oaPoe " dx
0 3)

= Py(1 — e Wi,

Under continuous illumination, the net flow of electron to
the surface is equal to the flow of photo-generated hole to
the surface, i.e., R,; — Ry, = R in the steady-state condition.
After substitution for Ry, Ry, and Ry, using Egs. (1), (2), and
(3), respectively, we get equation

(quL/kT _ 1)/1_70 _ (1 _ g—ot(W-&-L))/RO. 4)

Noting that V., a, and Py are functions of the wavelength 4,
parameters (W + L) and R, can be fitted out with Eq. (4) if
Vi(A), (1) and Po(A) are known. It should be noted that the
commonly used equation for surface photovoltage V, in single
crystal silicon is not appropriate for the case of GaN. Assum-
ing L>>W and aL<1, the expression ¢ *W*L) becomes
1/(1 + «L). Then Eq. (4) can fall back to the commonly used
form of SPV:"> ¢?t/fT — 1 = CaL/(aL + 1), where C is a
constant. However, these assumptions do not hold for the case
of GaN with o ~ 10° cm™', W ~ 0.1—0.3 um, and L ~ 0.1
—1 um.
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The SPS data with above-bandgap excitation (4
> 363 nm) were fitted with Eq. (4), as shown in Fig. 3. The
absorption coefficients «(1) for GaN applied in the fitting
process were measured with ellipsometer and are shown in
the inset of Fig. 3. The light flux Py(A) was calculated from
the power density Dp(/) shown in Fig. 1(e) with the expres-
sion Py(A) = Dp(1)(1 — R(A))/hv, where R is the surface
reflectivity of GaN. It should be noted that the local reflectiv-
ity R may change due to the different topography. 3D finite
difference time domain (FDTD) simulations (Lumerical So-
lution)'® were performed to calculate R for the plane surface
and the V-pit structure around the thread dislocation, respec-
tively. The calculated result for the plane surface is shown in
Fig. 1(e). The diameter and depth of the simulated V-pit
structure are 330 nm and 1 nm, respectively, as shown in the
profile in Fig. 2(a). The differences of R between the plane
surface and the V-pit structure are not more than 2 x 1074,
which can be neglected. Then the parameters (W + L) and R
are fitted to be 0.64 um and 7.1 x 10" em™2s~! for disloca-
tion position A, and 0.73 um and 4.5 x 10! cm~2s~! for
plane position B. The fitted curves of SPS are shown in Fig.
3 with the red and black line. The order of values (W +L)
matches the order of the minority diffusion lengths reported
in literatures for HVPE-grown GaN measured by EBIC
method.®? The reduced value of (W+L) at the dislocation
position A means shorter minority diffusion lengths at
threading dislocations, which act as non-radiative recombi-
nation centers for holes, resulting in a reduced lifetime.
From the fitted value of Ry, the surface recombination veloc-
ity s, can be calculated with Eq. (1). The value of ®, was
obtained with the equation: 70, = Duip — 4 = Viark =09V,
where @y, is the work function of the Pt-coated tip (5.6 V),
is the electron affinity of GaN (4.1 V), and V. is the CPD
measured in darkness (0.607 V). The effective density of
states in the conduction band of GaN N¢ is 2.5 x10'8 ¢cm 3.6
Then, the surface recombination velocities for the dislocation
position A and the plane position B are 2.9 x 10% cm/s and
1.8 x 108 cm/s, respectively. It should be noted that the
value of s, is very sensitive to the value of @,. For instance,
the uncertainty of @, with the value of 0.9%+0.1 V makes s,
change by a factor of about 10*. Therefore, the above calcu-
lations do not allow us to precisely determine the absolute
value of s,. However, the inhomogeneous of s, with a value
about 1.6 times larger at threading dislocations is credible
with our local SPS method.

In conclusion, a combination of UV SPS and KPFM
techniques has been introduced to measure the carrier prop-
erties at single thread dislocations in GaN film at nanometer
scale. The thread dislocations were introduced by a nanoin-

Appl. Phys. Lett. 101, 252107 (2012)

dentation on a HVPE-grown GaN sample. Under UV illumi-
nation, a lower surface photovoltage by about 13mV was
observed at these dislocation positions compared with that
obtained in plane area. By fitting the measured SPS curves
with a model proposed for above-bandgap excitation, the in-
formation about minority diffusion lengths and surface
recombination velocities can be quantitatively analyzed. The
hole diffusion length at the thread dislocation is lower than
that in plane area by a value of about 90 nm, while the sur-
face recombination velocity at the thread dislocation is about
1.6 times larger than that in plane area. The results show that
the SPS measurement with KPFM method is an effective
way to estimate the local optoelectronic properties of dislo-
cation structures in GaN films.

This work was partly supported by the NSFC
(10904107), the Instrument Developing Project, CAS
(YZ200939, YG2011071), MOST of China (2010DFA22770,
2011AA03A103, 2011DFR50390), and the NBRP (973 pro-
gram) of China (2012CB619305).
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