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Transient photovoltage in GaN as measured by atomic force
microscope tip

M. A. Reshchikov,? S. Sabuktagin, D. K. Johnstone, and H. Morkog¢
Department of Electrical Engineering and Department of Physics, Virginia Commonwealth University,
Richmond, Virginia 23284

(Received 4 March 2004; accepted 27 May 2004

We studied restoration of the band bending at the surface of undoped GaN layers after illumination
with above-bandgap light. The photovoltage saturated with illumination at about 0.2—0.3 eV at
room temperature, although the upward band bending for GaN in the dark is of the order of 1 eV.
We attribute the photovoltage effect to charging of the surface states, the density of which is
estimated at about 3®cm™. Restoration of the barrier after a light pulse is simulated by a
phenomenological model whereby the acceptorlike surface states are emptied of electrons under
illumination and filled back in dark due to thermionic transfer of free electrons from the bulk to the
surface states over the near-surface barrier. Photoinduced desorption of oxygen also affects the value
of the photovoltage if the illumination is prolonged. 2004 American Institute of Physics

[DOI: 10.1063/1.1774245

I. INTRODUCTION states are characterized by time constants of the order of
rpicroseconds or less, while the slow states have time con-
a . )
sftants ranging from a fraction of a second to several hBurs.
) . n the present work, we studied transient photovoltage in
processes at the surface and interfaces that are certain to pI&y . .

aN and developed a phenomenological model which ac-

a pivotal role in the performance and reliability of many o
. . : counts only for the recombination between the bulk electrons
devices based on this material system. Surface states are )
and holes bound to the acceptorlike surface states. The model

formed at the GaN surface due to Ga or N termination, re, redicts accurately the logarithmic transients in the photo-

construction, structural and point defects, adsorbates, oxid&) . ) . X
voltage after cessation of light. It also explains the experi-

tion, etc. The surface of the air-exposed undoped GaN grown . o

. . ental transients containing fast and slow components.
on c-plane sapphire shows an upward band bending, reporte'g

as 0.4,0.75, and 0.9 eV in various studiést is established
that a thin(~9 A) Ga,0; layer’ as well as chemisorbed
oxygen atoms(up to one monolaygr cover the GaN

surface™® The band bending may also be affected by spon- A number of undoped GaN layers with thickness in the
taneous polarizatioh. range of 1—2um were grown orc-plane sapphire by mo-
Scanning Kelvin probe microscopyor electrostatic |ecular beam epitaxyMBE). Two undoped GaN layer&
force microscopyhas been successfully used in recent yeargnd 30 wm thick) were grown orc-plane sapphire using hy-
for the surface potential mapping of GAN: Surface poten-  ride vapor phase epitax§#VPE) by TDI, Inc. Ga polarity
tial fluctuations in the dark typically range from less thanof the samples was established from etching characteristics,
20 mV up to 300 mV in different samplés:* Hsu et al”  syrface morphologies, x-ray diffraction data, and in a few
reported that the surface potential fluctuations were not seegyses it was confirmed by cross-section transmission electron
on oxidized surfaces, whereas after cleaning in hgR®,  microscopy'® The concentration of electrons at room tem-
the fluctuations appeared. Remarkably, the variations in thgerature, determined from the Hall effect measurements, var-
surface contact potential image correlated with the distribujeq from 137 to 108 cm3.
tion of edge dislocations, consistent with excess local nega- \we measured the absolute value of the surface band
tive fixed charges at dislocation sites. bending with atomic force microscogpFM) in the surface
lllumination of GaN with ultraviole{UV) light has been potential modgKelvin probe methol The gold-coated tips
reported to reduce band bending by about R&f. 12 or  \yere calibrated with respect to a 100 nm gold film. In this
0.5 eV (Ref. 13 due to screening of the electric field by method, a dc bias on the tip is varied so that, when it equals
photogenerated electrons and hojphotovoltage effegf”  the potential at the conductive sample surface, the force felt
Traditionally; ™ ~the surface states in semiconductors are di-by the tip vanishes. By measuring the dc bias required for
vided into “fast states{presumably located at the interface vanishing tip force, we obtained the value of the contact
between a semiconductor and the surface oxide Jaged potentialV,, between the gold tip and GaN surfasg, var-
“slow states”(predominantly located inside or outside of the jed not more than 30 mV as the distance between the tip and
oxide and arising from adsorbed gas atpnisually the fast  the surface was increased fron0.05 to 1um.
The band bending near GaN surface, or potential barrier
¥E|ectronic mail: mreshchi@vcu.edu height in dark,®4, can be found as

Recent progress in development of GaN-based optic
and electronic devices contrasts with weak understanding

II. EXPERIMENT

0021-8979/2004/96(5)/2556/5/$22.00 2556 © 2004 American Institute of Physics
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/
Oxide film GaN FIG. 2. Schematic diagram showing the band bending near the surface of

o ) ) GaN in dark(a) and after UV light pulsgb). Electrons are shown with solid
FIG. 1. Schematic diagram showing the band bending and the vacuum leveircles and holes—with empty circles. The Fermi le@elis shown as the

(Evac) near the surface of GaN in vicinity of the metal tip. same for electrons and holes in nonequilibrium c@wen assumption that
recombination in bulk is much faster than recombination over the barrier,
and concentration of traps in the depletion region is much less than density
of the surface states.

q)d:¢M_chp_q)s_X+EFa (1)
where ¢y, is the metal work functior{¢y,=5.1 eV for Au,
y is the electron affinity of the semiconductor, aBgdis the  the negative charge at the surface is in low?Idin™ accord-
Fermi level measured with respect to the conduction banéd to Egs.(2) and(3).
minimum E¢ (Fig. 1). The parametefb, includes potential A pulse of light creates electron-hole pairs. Since the
drop across the oxide film, arising from a possible distribu-depletion region width in a typical undoped GaN is compa-
tion of charge in it, surface dipole due to adsorbate speciegable with the effective absorption depth of ligfabout
and microscopic dipole at the surface which is determined b0 nm at 3.68 eV(Ref. 19], a substantial part of the photo-
the exact arrangement of the atoms near the suffaBased ~generated holes is swept towards the surface by the strong
on the findings of BermudezWu et al,? and Nienhaus near-surface electric field(Fig. 2) and quickly (in
et al,’” we assumegt=3.3+0.3 eV for GaN The variationin ~107°-10®s) captured by surface states. On the other
values ofy reported in the literature may be due to differenthand, the photogenerated electrons are quickly swept to-
microscopic surface dipoles, different degrees of oxidationwards the bulk, increasing concentration of free electrons in
and presence of different adsorbed species in the experimefie bulk, likely in close vicinity of the surface barrier since
tally studied GaN. the diffusion is relatively small in GaN. The holes captured

Photovoltage effect, or variation of the band bending unPy the surface states reduce the negative charge of the sur-
der illumination, was measured with the help of a pulsedace and, consequently, reduce the depletion region width
nitrogen |aser(photon energy of 3.68 e\or a Xe |amp in from its dark vaIuer to the |Ight vaIueWt and the band
conjunction with a grating monochromator. Neutral-densityoending from®, to @), according to Eqs(2) and(3). One
filters were used to attenuate the incident light, and colofmay expect that these values tend to zero with increasing
filters were used to cut the unwanted orders of the gratinggXcitation intensity due to complete filling of the acceptor-

All experiments were performed at room temperature_ like surface states with holes. However, in addition to surface
states, other charges such as negatively charged absorbed
1. MODEL ions and spontaneous polarization, may contribute to the up-

ward band bending near the GaN surface. Thus, in general,
the photovoltage may differ from the band bending in the

dark even when it saturates with increasing excitation inten-
sity.

We assume that thermionic transfer of free electrons
2dee, from the bulk to the surface states over the barrier dictates
NS 2 the restoration of the charge equilibrium after the light is
a o turned off. In the first-order approximation we neglect tun-
The band bending is caused by negative charge at the surfaneling of electrons through the near-surface barrier and even
with densityng and the charge balance requires that two-step transfer via deep traps because the localization of

ne= WNp. 3) the electrons at deep traps is toq high to provide a discernible

S overlap between the wave function of an electron bound to a

The origin of ng is in part the acceptorlike surface statestrap and that for a hole bound to a surface state at a spatial
below the Fermi level and in part uncompensated negativeeparation comparable to the depletion width. For simplicity
charge of ions adsorbed at the surface. Previously we havet us assume that only acceptorlike surface states located
obtained that in a large set of GaN samples with differentelow the Fermi leve{with the densityn,) participate in the
concentration of electrons the barrier height at the surface iphotovoltage transients. After the surface states are partially
of the order of 1 e\, and thus, the depletion region width is or completely filled with photogenerated holes and the light
about 100-30 nm for the concentrations of shallow donorss off the dynamics of the recombination is determined by the
in the range 15-10* cmi 3, respectively, and the density of following rate equation:

The upward band bending at the surfacendfpe GaN
with uncompensated concentration of shallow dondgsis
characterized by the barrier heiglht and associated deple-
tion region widthw, 8

W=
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9Ps _

Pril (4)

- C,pN ex;{—g)
nPsNp KT/

Here, the rate of the electron-hole recombination is pro-
portional to the density of the holes at the surface acceptor-
like states,ps, and concentration of free electrons at an en-

ergy ® from the bottom of the conduction band, which
approximately equalbly exp(—®/kT). C, is the capture co-
efficient, which is related to the capture cross sectigp.as

8KkT
Ch=0owm =0y R
n

(5

wherevy, (~2x 10° cm/s andm, (0.22my) are the thermal

velocity and effective mass of electrons in the conduction

band of GaN.

Reshchikov et al.
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FIG. 3. Transients of photovoltage, calculated using @y.with Ad(0)

For a single pulse and small values of photovoltage the0.2 eV, N;=3x 10" cm3, C,=2X 108 cm®/s (0,,=107° cn®), and dy

time dependence @b can be ignored, and the solution of Eq.
(4) can be found in the form

Py(t) = P, exp(— 5) ,
T

wherer can be construed as the recombination lifefifrzend
Po=(Wy—W)Np. Substitution of Eq(6) into Eq. (4) gives

)

KT

(6)

r=Ng'C! eXp< (7)

Finally, equating the expression fag from Eq. (6) to its
expression following from Eq(3), Ps=[Wy—W(t)]Np, and

varied from 0.4 to 1.0 eV. Typical experimental transient is shown for
comparison.

IV. RESULTS AND DISCUSSION

The samples selected for this study had smooth surfaces
with the root-mean-square roughness of about 0.5 nm in the
1X1 um area. The surface potential images did not reveal
any significant features, and the variation of the contact po-
tential V¢, in the 5x5 um? area did not exceed-20 mV.

This result is in agreement with the findings of Hsuial’

and Losurdcet al.? although others observed larger fluctua-
tions of the potentia“i.‘ll We repeated measurements of the
photovoltage transients at different spots of the samples, and
the results were reproducible. To assure that the transients

taking into account that the photovoltage signal after pulsare representative of the entire surface, and not of disloca-

excitation, determined aA®d(t)=dy—d(t), is small com-
pared to®,, we obtain a solution for the time evolution of
A® in the form

e Dy-AdD(1) AdD(0)
t =~ Nglc;t p( = )I ( : 8
ot O M Ao ®
Analysis of Eg. (8) shows that at timest

<Np'C. ' exp(@/kT) and t>Ng'C.' exp(®y/kT), Ad
equals®,—®, and 0, respectivelyA® decreases to half its
initial value A®(0) at

)In 2,

andA®(t) varies as~In(t) close tot,. Examples of the cal-
culatedAd(t) dependences fakd(0)=0.2 eV and different

dy— 0.5AD(0)

kT ©

t=to=Ng'C;! exp(

values of the band barrier are shown in Fig. 3. In these cal-
culations the capture cross section was taken equal to

10715 cn?, a typical value for semiconductors, although val-
ues from 10?% to 10'2cn? have been reported in the
literature®® According to Eq(8), if the actual value ofr, is
larger or smaller than Ié° cn? by m orders of magnitude, a
curve for a particula®4 should be shifted to the left or to the
right, respectively, byn orders of magnitude in Fig. 3. The
numerical solution of Eq(4) accounting for the variation of
@ with time gives similar results IRD(0) <Dy

tions, we have measured the transient photovoltage on the
Ga-face surface of a freestanding template, having the dislo-
cation density less than>610° cm™2 (Ref. 21), and obtained
similar transients.

Figure 4 shows a typical example of the dependence of
the photovoltage value after pulse excitatidnb(0), on ex-
citation intensity. Each point was measured as a variation of
the band bending after approximately 4@ (the best tem-
poral resolution in our setygrom a single pulse of UV light,

Generation Rate (e-h pairs/cmzlpulse)

, 10" 10 10" 10"
10 ; T T T
N
2 T/ T e T e — 8
g /
: /
%101 - ;® 8
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FIG. 4. Photovoltage after illumination with a single pulse of UV light
A®d(0) as a function of the excitation intensity.
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T v T gree of filling of the surface states of GaN with holes as

compared to the single pulse illumination. It is possible that

prolonged high-intensity illumination modifies states located

in the oxide layer, as well as facilitates desorption of ions

] from the surfacdéphotoinduced desorption

] We attempted to estimate the valuedf from Eq. (1).

] For the majority of our GaN samples, including the sample

- analyzed in detail in this workpy+d,~1.0 eV. It can be

] noted from Fig. 3 that the experimental data can be equally

—_ well fitted by Eq.(8) with the sets of(dg,0,) gradually

] varied from (0 eV,10° cn?) through (0.35 eV, 10%° cn?)

» = 342'1‘0' 1"‘“‘"2' = and up to(0.6 eV,10%° cn?). It should be stated that the
107 107 107 107 107 10" 10° 10 present experiments do not allow independent determination

Time (s) of &, and o,,, although we believe that the cross section of

FIG. 5. Transient of photovoltagd®(t), after pulse of UV light, attenuated 10 cm? is unreasonably, large to justify the assumption

10® (1) and 16 (2) times. Solid curves—calculated using E&) with C, that ®,=0.

=2x10°% cn?/s (0,=10"° cn?) P,=0.64 eV, andA®(0)=0.05 eV (1) We observed very similar transients of photovoltage in

and 0.22 e1(2. different GaN samples grown by MBE and HVPE. As fol-

lows from Eq.(8) the observed logarithmic transient of the

and we waited for complete restoration of the dark value ofhotovoltagaisometimes treated as containing fast and slow
® between measurements. As depicted in FigAd(0) in- gomponenfss) can be explained solely by thermionic transi-
creases linearly with excitation intensity and completelyt'on of electrons from bulk to the surface states over the
saturates above 1% of the maximal laser intensity. We ex- barrier at the surface. Note that the exact position of the
plain the saturation af®(0) at high excitation intensities by Surface states in the gap does not affect the calculations car-
saturation of the surface states with photogenerated holdted outin this work, as the method employed is sensitive to
after the UV light pulse. Transition from the linear increase®nly the density of all acceptorlike states below the Fermi
of A®(0) to saturation corresponds to the density of the IOhOJeveI at the surface in the dark. The density of these states is
togenerated electron-hole pairs of about 202 cmi 2, as es-  (1.1-1.8 % 102 cm 2 in the analyzed sample, as can be es-
timated from the laser power accounting for the geometry ofimated from Egs(2) and(3) for all the plausible values of
the experiment. Ignoring losses due to bulk recombination®@nd bending in dark®,=0.4-0.8 eV in case ofoy,
we conclude that about the same density of surface stat€s 1071-10"*2 cm, respectively.
participate in the photovoltage effect. Corrections for losses
would decrease this value. V. CONCLUSIONS

Figure 5 demonstrates transientsfob for two excita-
tion intensities(below and near the saturation pginThe
experimental dependencies can be well fitted with 8.

Photovoltage (eV)

In conclusion, we investigated transient behavior of the
photovoltage in GaN after pulsed illumination. Logarithmic

! variation of the photovoltage, typically observed in the range
using the same parameters exceptAe(0). Note that the 102-1C¢ s in undoped GaN layers, is attributed to thermi-

apparent independence Afb on't for t<0.1 s for the case onic emission of electrons from bulk to the surface states
of A®(0)=0.05 eV supports the accuracy of the values of

o bel h : : ithouah th over the barrier near the surface. The phenomenological
A®(0) in Fig. 4 below the saturation point, although t € model developed explains the dynamics of the photovoltage

values ofA®(0) above the saturation point may be slightly 4o njentgboth fast and slow componeitssing first-order
underestlmgted due to _the absence of experimental dat_a bgésumptions and two fitting parameters.
low 1072 s in the transient curves. To check any possible
contribution of very fast transientbelow 102 s), we stud-
ied transients iMA® for the same sample illuminated with ACKNOWLEDGMENTS
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