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Grain-boundary-controlled transport in GaN layers
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An exponential dependence of the photoconductivity on the surface photovoltage at GaN layers is predicted
theoretically and confirmed experimentally. The prediction is based on the assumption that the material is
mainly an ordered polycrystal, consisting of columnar grains. Accordingly, transport is expected to be limited
by potential barriers at the grain boundaries, arising from the charge trapped at grain-boundary defects. The
observed exponential dependence provides evidence that strongly supports the model by establishing a direct
link between thebulk conductivity and thesurfacepotential barrier. The same model is shown to successfully
explain several other defect-related findings as well.
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In recent years, technological breakthroughs in G
growth, doping, and contacting technologies have resulte
numerous devices, notably the blue GaN-based las1

Progress, however, is still challenged by a high density
defects.2 A typical finding is a columnar grain structure ofte
observed in cross-sectional micrographs.2 The effect of grain
boundaries on transport in other semiconductors, espec
polycrystalline Si, has been extensively studied.3 It is widely
accepted that trapped charge at grain-boundary inter
states leads to the formation of potential barriers and de
tion regions, as shown schematically in Fig. 1. These po
tial barriers resist intergrain transport, a hypothesis succ
fully used for explaining Hall4 and ion-implantation5

experiments in GaN films. If this mechanism is in effect,
can inclusively explain several intriguing transport-relat
phenomena observed at GaN layers, such as:~i! a persistent
and nonexponentially decaying photoconductivity~PC!,6,7

~ii ! a huge ultraviolet gain of GaN-based photodetectors8,9

~iii ! in ion-implanted films, a highly superlinear decrease
film conductivity with increasing implanted ion dose,5 and
~iv! an increasing mobility with increasing carrier concent
tion, rather than the usual decrease.4 In this paper, we presen
more direct evidence for grain-boundary limited transport
GaN, using surface photovoltage and photoconductiv
measurements. We then rationalize the above-mentio
transport phenomena.

Assuming a thermionic emission over a barrier and
small applied bias~i.e., an effective bias much smaller tha
the thermal voltage across each grain!, barrier-limited trans-
port is characterized by an exponential dependence of
conductivity,s, on the average grain-boundary barrier heig
fgb

3,10

s5s0 exp~2qfgb/kT!, ~1!

wheres0 is a proportionality coefficient,q is the ~absolute
value of the! electron charge,k is the Boltzmann constant
andT is the temperature.
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To directly establish the applicability of Eq.~1! to our
case, one needs to modify and measure the potential bar
at the grain boundaries. The latter can be convenientl
modified by the photovoltaic effect, i.e.,fgb[fgb

0 2Dfgb,
wherefgb

0 is the potential barrier in the dark, andDfgb is the
photoinduced lowering of this potential barrier. Equation~1!
can therefore be expressed as

s5s0 exp~2qfgb
0 /kT!exp~qDfgb/kT!. ~2!

Practically, an illumination-insensitive shunt componentssh
may be observed, especially because light chopping
avoided in the experiment given below.11 In addition, trans-
port across potential barriers is not always strictly therm
and transport measurements involve averaging over pote
barrier inhomogeneities. Therefore, it is common practice
introduce a transport-related ideality factor12 h t so that Eq.
~2! is modified to the form

s5ssh1s0 exp~2qfgb
0 /kT!exp~qDfgb/h tkT!. ~3!

FIG. 1. ~a! A schematic diagram of a film possessing a column
grain structure.~b! A schematic view of the corresponding equilib
rium band diagram~fgb—the average grain-boundary potential ba
rier!.
15 573 ©2000 The American Physical Society
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Unfortunately, whilefgb is easilymodified, a directmea-
surementof Dfgb is a nontrivial task.13 If, on the other hand,
fgb can be related to thesurfacepotential barrierfs , this
problem can be circumvented, because the surface pote
can be both controlledand monitored by the surface photo
voltage ~SPV! technique.14,15 To obtain such a relation, we
now solve the Poisson equation under the deple
approximation.3,16 From charge conservation consideration
we obtain

Qs5qNdws , ~4a!

Qgb52qNdwgb, ~4b!

whereQs (Qgb) andws (wgb) are the surface~grain bound-
ary! trapped charge density and space-charge region w
respectively, andNd is the doping level of the layer. Th
factor of 2 difference between the right-hand sides of E
~4a! and ~4b! arises because the surface-trapped charge
ports one space-charge region~SCR!, whereas the grain
boundary trapped charge supportstwo SCR’s ~one on each
side of the boundary!. Solving the Poisson equation to rela
the potential barriers to the grain-boundary heights, we
tain

fs5qws
2/2«; fgb5qwgb

2 /2«, ~5!

where« is the permittivity of the film. Finally, inserting Eq
~4! in Eq. ~5! we obtain

fs5Qs
2/2«qNd ; fgb5Qgb

2 /8«qNd . ~6!

If the defect state density and energy distribution at
free surface are the same as those of the grain boundar~an
assumption which is corroborated below!, then Qs>Qgb,
and Eq.~3! yields

fs54fgb, ~7!

which leads to:

Dfgb5Dfs/4h I , ~8!

whereh I is an illumination-related ideality factor.17 Dfs is,
by definition, equal to the SPV.14 Combining Eqs.~3! and
~8!, we obtain an explicit relation between the conductiv
and the SPV ([Dfs) measured under identical conditions

s5ssh1s0 exp~2qfgb
0 /kT!exp~qDfs/4hkT!, ~9!

where h[h th I is the overall ideality factor. Equation~9!
provides for our main prediction: if the surface and gra
boundary defect structures are similar, grain-boundary l
ited transport implies anexponentialrelation between the
conductivity and thesurfacepotential barrier.18

To test this prediction, PC and SPV measurements w
performed on various GaN layers, under identical illumin
tion conditions, as well as photoluminescence~PL! measure-
ments. All samples studied in this work were grown usi
metal-organic vapor-phase epitaxy on~0001!-oriented sap-
phire substrates.19 Soldered In contacts, used as Ohmic co
tacts, were verified to be Ohmic using current-voltage m
surements. For eliminating any residual contact resista
effects, a four-contact arrangement was used.6 Here we
present results obtained from three representative sam
tial
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denoted 1–3 below. The sample thicknesses were;0.2 mm
~1! and;3 mm ~2 and 3!. The samples exhibited ann-type
conductivity corresponding to an unintentional doping lev
of n;531017cm23.

Persistent PCand SPV behavior were observed in a
samples studied. A typical example is given in Fig. 2, whi
features the illumination switch-on and switch-off PC a
SPV responses to illumination by 2.5 eV photons. P
5 f (SPV) curves were constructed using pairs of PC a
SPV values, corresponding to the same time after illumi
tion switch-off. The resulting curves are shown in Fig. 3. A
three samples indeed feature the exponential depend
predicted in Eq.~9!, with overall ideality factors ranging
from 1.17 to 1.78.

Prima facie, Fig. 3 provides a quantitative confirmation o
the prediction made in Eq.~9!, and therefore strongly cor
roborates the model given. For obtaining additional insig
into the model, we now turn to discussing thenatureof the
similarity between surface and grain-boundary states.
then discusshow these states are related to the persistenc
the SPV and PC, respectively.

Independent measurements using PL, PC, and SPV s
troscopies are shown in Fig. 4. The PL spectra@Fig. 4~a!#
feature a band-gap-related peak at;3.4 eV ~to which these
spectra have been normalized!. In addition, they feature a
broad sub-band-gap peak, centered at;2.2 eV. This is the

FIG. 2. Time-resolved photoconductivity~bottom! and surface
photovoltage~top! curves, obtained from sample 1 upon switch-
and switch-off of illumination by 2.5 eV photons.

FIG. 3. Photoconductivity vs surface photovoltage curves of
three representative samples. A constant term was subtracted
the photoconductivity values for elucidating the exponential nat
of the dependence.
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well-known ‘‘yellow luminescence’’~YL ! peak, resulting
from defect states, shown to be distributed;2.2 eV below
the conduction-band edge.19–21 As shown in Fig. 4a, the
samples chosen for this study exhibitedvarying ratios of YL
to band-edge emission, so as to ascertain the general n
of our conclusions.

A band-gap-related peak at;3.4 eV is also observed a
the PC spectra~Fig. 4b!. Here, apeak~rather than a ‘‘knee’’ !
is observed because at photon energies exceeding the
gap, the absorption coefficient increases considerably,
most photons are absorbed in a thin near-surface layer. T
many generated electron-hole pairs are lost to surface rec
bination, and the net excess carrier isdecreasedrather than
increased.22 This confirms that we have indeed probed t
bulk photoconductivity rather than thesurfaceone. In the
sub-band-gap energy range, the PC data feature a signifi
signal starting at;1.6 eV, i.e., at the onset of the YL. More
over, the magnitude of the yellow response in the PC spe
increases with increasing yellow response in the PL d
Indeed, it was previously established that PC probes the
low absorption.6 This absorption involves the transition in
verse to that of the YL, i.e., the excitation of electrons fro
the deep state into the conduction band.

A band-gap-related feature at;3.4 eV is also observed in
the SPV spectra@Fig. 4~c!#. However, because SPV probes
surface quantity, this band-gap-related feature is typic
observed as a knee rather than a peak.14 Just like the PC data
the SPV data also feature a significant signal starting at;1.6
eV, which correlates with the PL data. Therefore, SPV a
probes the yellow absorption. However, whereas PC is
nature abulk-sensitive tool, SPV measurements of such G
layers are sensitive to states situated at the free G
surface.19

FIG. 4. ~a! Photoluminescence,~b! photoconductivity, and~c!
surface photovoltage spectra of the three representative samp
ure
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The SPV and PC data are easily reconciled if one assu
that the YL-related states are not homogeneously distribu
in the bulk but rather are situated primarily at grain boun
aries, as well as in other extended defects. Indeed,
related states have been assigned to extended defects
grain boundaries.2,23,24 The similarity of the SPV and PC
results therefore suggests that, in this case, the free su
may be considered a special case of a grain boundary. F
this point of view, the defect energy distributions at the gra
boundaries and at the free surface should be compara
Thus, the assumptionQs>Qgb leading to Eq.~9!, is plausible
a priori and not only justifieda posterioriby the results of
Fig. 3. Moreover, we can use the SPV magnitude as a lo
limit for the surface potential17 and divide the result by 4 to
obtain an estimate for the grain-boundary barrier height. T
yields a highly reasonable value that is of the order of 1
meV to 250 meV, depending on the sample.

Recent studies have shown conclusively that the per
tent PC is associated with the YL-related states.6,7 For this
reason, yellow, 2.5 eV photons were used as the illumina
source in this study. The relation between the YL and
persistent PC is easily interpreted within the framework
the grain-boundary limited transport model. First, we ha
previously shown that the YL-related defects are of anac-
ceptornature and are negatively charged in equilibrium.19 If
these states are present at the grain boundaries of ann-type
material, their negative charge will induce grain-bounda
potential barriers that resist lateral conductivity. Discharg
these states induces a conductivity increase, brought a
by lowering the barriers. Such a discharge may take pl
when the film is illuminated at a photon energy sufficient
excite electrons from these states into the conduction b
~i.e., yellow illumination!. This is because the excited ele
trons are swept into the grain by the electric field of the SC
When the illumination is switched off, electrons from th
bulk can only use the thermal energy in order to surmo
the remaining potential barrier, refill the grain-bounda
states, and resume their equilibrium distribution. Furth
more, during this process the barrier height, and con
quently the trapping process lifetime, progressively increa
resulting in apersistentPC.

The same model further predicts that persistent PC beh
ior mustbe accompanied by persistent SPV behavior, as
deed observed in all samples, due to a similar excitation
YL-related states situated at thefree surface. Moreover, the
SPV decay is expected to be slower than that of the
because the surface potential barrier that electrons must
mount is higher than that at the grain boundary@Eq. ~7!#.
Indeed, a slower decay of the SPV, with respect to that of
PC, is apparent in Fig. 2.

We note that in a different model persistent PC in G
films has been related to metastable states induced by l
lattice relaxations.25 Interestingly, while this mechanism i
highly plausible, in light of what is known for other III–V
compounds,26 Fig. 2 rules out its dominance for the film
studied here. The surface potential and the bulk doping
inversely related@Eq. ~6!#. Therefore, had the persistence
the SPV been associated with a persistent increase in
doping, the time constant associated with the PC and S
decays would have beenthe same. This is clearly not the
case here. Indeed, Lang noted that even in III–V allo

.
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where persistent PC due to metastable states is well kno
persistent PC due to macroscopic potential barriers
present, ‘‘cannot be dismissed lightly.’’26

The model we have corroborated can also account for
other transport phenomena listed above. The huge ultrav
gain can be related to a sharp increase in the effective ca
mobility, brought about by the photoinduced reduction
fgb @Eq. ~1!#.27 The highly nonlinear dependence of the co
ductivity on implantation dose can be brought about beca
the implantation causes a decrease in the effective bulk d
ing due to a controlled introduction of defects.5 This in-
creasesfgb @Eq. ~6!# and therefore reducess exponentially
@Eq. ~1!#. Finally, the same increase offgb with decreasing
effective doping can explain the decrease in effective mo
ity with decreasing doping level.4
J.
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In conclusion, we have presented a model for gra
boundary controlled transport, according to which transp
is limited by potential barriers associated with grain boun
aries. The similarity of the defect energy structure at the f
surface and at the grain boundary of GaN layers allowed
to use the free surface potential as an indicator of the gr
boundary potential. This allowed for significant experimen
support of the model, obtained by observing a persistent
face photovoltage behavior and an exponential depende
of the photoconductivity on the surface photovoltage. Th
findings provide significant qualitative and quantitative e
dence, respectively, in support of the model.
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