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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.

In recent years, technological breakthroughs in GaN To directly establish the applicability of Eql) to our
growth, doping, and contacting technologies have resulted inase, one needs to modify and measure the potential barriers
numerous devices, notably the blue GaN-based faserat the grain boundariesThe latter can be conveniently
Progress, however, is still challenged by a high density otnodified by the photovoltaic effect, i.e¢g,= ¢gb_A¢gba
defects? A_typical findin.g isa cplumnar grain structure o_ften where¢gb is the potential barrier in the dark, andpy, is the
observed in cross-sectional micrograpfie effect of grain  photoinduced lowering of this potential barrier. Equatian
boundaries on transport in other semiconductors, especialyan therefore be expressed as
polycrystalline Si, has been extensively studidtis widely
accepted that trapped charge at grain-boundary interface = onext —adl/kTexn aA d./kT 2
states leads to the formation of potential barriers and deple- 7= 0 8XN(—qdgf KT)EXPAA Pop/KT). @
tion regions, as shown schematically in Fig. 1. These potenpacically, an illumination-insensitive shunt componeg;
tial barriers resist intergrain transport, a hypothesis SUCCeSHray he observed, especially because light chopping was
fully used for explaining Hf_iﬂ and |o_n-|m_plgntat|o?1 _avoided in the experiment given beldWwin addition, trans-
experiments in GaN films. If this mechanism is in effect, it yot across potential barriers is not always strictly thermal,

can inclusively explain several intriguing transport-relatedang transport measurements involve averaging over potential
phenomena observed at GaN layers, suchiast persistent 4 rier inhomogeneities. Therefore, it is common practice to

and nonexponentially decaying phOtOCOhdUCtIV(@C)(,ﬁa introduce a transport-related ideality facfor;, so that Eq.
(i) a huge ultraviolet gain of GaN-based photodetectors, (2) is modified to the form

(iii ) in ion-implanted films, a highly superlinear decérease of

film conductivity with increasing implanted ion doseynd 0

(iv) an increasing mobility with increasing carrier concentra- o= 05t 00 X~ g/ KT)EXHQA oo/ 7k T). (3)

tion, rather than the usual decredda.this paper, we present

more direct evidence for grain-boundary limited transport in

GaN, using surface photovoltage and photoconductivity

measurements. We then rationalize the above-mentioned

transport phenomena. @
Assuming a thermionic emission over a barrier and a

small applied biagi.e., an effective bias much smaller than

the thermal voltage across each gjaivarrier-limited trans- Substrate

port is characterized by an exponential dependence of the

conductivity, o, on the average grain-boundary barrier height

3,10
¢gb

o=y exXp—qdgy/KT), (1)

FIG. 1. (a) A schematic diagram of a film possessing a columnar
where o is a proportionality coefficienty is the (absolute  grain structure(b) A schematic view of the corresponding equilib-
value of the electron chargek is the Boltzmann constant, rium band diagrani¢y,—the average grain-boundary potential bar-
andT is the temperature. rier).
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Unfortunately, whilegg, is easilymodified a directmea-
suremendf A ¢, is a nontrivial task2 If, on the other hand, 0.4 1150
¢qp Can be related to thsurfacepotential barriergs, this 1100 g&
problem can be circumvented, because the surface potential & 02 T
can be both controllednd monitored by the surface photo- s° . - 150 Z
voltage (SPV) technique'**® To obtain such a relation, we 0.0} light - light 2
now solve the Poisson equation under the depletion om___of lo —
approximatiort'® From charge conservation considerations, : . :
we obtain 0.0 0.5 1.0
Time [h
Qs=qNgws, (4a) [hl

FIG. 2. Time-resolved photoconductivitpottom and surface
Qgb= 2qNgWgp, (4b) photovoltaggtop) curves, obtained from sample 1 upon switch-on

whereQ, (ng) andw, (ng) are the surfacégrain bound- and switch-off of illumination by 2.5 eV photons.

t d ch densit d -ch [ idth .
ary) trapped charge density and space-charge region wi denoted 1-3 below. The sample thicknesses wade2 um

respectively, and\y is the doping level of the layer. The >
factor of 2 difference between the right-hand sides of Eqs(l) and ’.VTQ’ pm (2 and 3.’ The Samples exhlblted antype
onductivity corresponding to an unintentional doping level

(48) and (4b) arises because the surface-trapped charge sus f n~5x 104 crm-3
ports one space-charge regiofSCR, whereas the grain- ©' 0™ 19 7cm = i '
boundary trapped charge Suppontm SCR's (one on each Persistent .PG:md SPV behavior were opser_ved in a}ll
side of the boundapy Solving the Poisson equation to relate samples studied. A typical example Is given In Fig. 2, which

. : . : features the illumination switch-on and switch-off PC and
the potential barriers to the grain-boundary heights, we ob- . N
tainp g y helg SPV responses to illumination by 2.5 eV photons. PC

=f(SPV) curves were constructed using pairs of PC and
¢s=qvv§/2£; ¢gb:qwgb/28! (5) SPV values, corresponding to the same time after illumina-
] o ] ] ) ) tion switch-off. The resulting curves are shown in Fig. 3. All
wheres is the permittivity of the film. Finally, inserting EQ. three samples indeed feature the exponential dependence

(4) in Eq. (5) we obtain predicted in Eq.(9), with overall ideality factors ranging
-2 . —-A2 from 1.17 to 1.78.
$s=Qsf22aNg;  bgo= Qgtlssqu ' ©) Prima facie Fig. 3 provides a quantitative confirmation of

If the defect state density and energy distribution at thdh€ prediction made in E9), and therefore strongly cor-
free surface are the same as those of the grain bouridary roborates the model given. For obtaining additional insight

assumption which is corroborated belovihen Qq= Q. into the model, we now turn to discussing thature of the
and Eq.(3) yields similarity between surface and grain-boundary states. We

then discustiowthese states are related to the persistence of

bs=4dgp, (7) the SPV and PC, respectively.
. _ Independent measurements using PL, PC, and SPV spec-
which leads to: troscopies are shown in Fig. 4. The PL spedfay. 4a)]
feature a band-gap-related peak-&.4 eV (to which these
Adgy=A bl ® gap p (

spectra have been normalizedn addition, they feature a
where 7, is an illumination-related ideality factdf.A ¢ is,  broad sub-band-gap peak, centered-&2 eV. This is the
by definition, equal to the SP¥. Combining Egs.(3) and

(8), we obtain an explicit relation between the conductivity W T T T T3
and the SPV £A ¢) measured under identical conditions: ]

o= 0t oo exp— qpg/kT)exp(gA ¢/dnkT),  (9)

where = 7,7, is the overall ideality factor. Equatio(®)
provides for our main prediction: if the surface and grain-
boundary defect structures are similar, grain-boundary lim-
ited transport implies arexponentialrelation between the
conductivity and thesurfacepotential barrier?

To test this prediction, PC and SPV measurements were
performed on various GaN layers, under identical illumina-
tion conditions, as well as photoluminesceiieké) measure- 0.1
ments. All samples studied in this work were grown using
metal-organic vapor-phase epitaxy @001-oriented sap-
phire substrate¥ Soldered In contacts, used as Ohmic con-
tacts, were verified to be Ohmic using current-voltage mea- FIG. 3. Photoconductivity vs surface photovoltage curves of the
surements. For eliminating any residual contact resistanc@ree representative samples. A constant term was subtracted from
effects, a four-contact arrangement was Usddere we  the photoconductivity values for elucidating the exponential nature
present results obtained from three representative samplesf,the dependence.
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8.0 = The SPV and PC data are easily reconciled if one assumes
g that the YL-related states are not homogeneously distributed
Z in the bulk but rather are situated primarily at grain bound-
Ja0 E aries, as well as in other extended defects. Indeed, YL-
g’_ related states have been assigned to extended defects and
= grain boundarie$?*2* The similarity of the SPV and PC
@, =T S2a A\ oo % results therefore suggests that, in this case, the free surface

may be considered a special case of a grain boundary. From
this point of view, the defect energy distributions at the grain
boundaries and at the free surface should be comparable.
Thus, the assumptio@= Qg, 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 lower
limit for the surface potentiaf and divide the result by 4 to
obtain an estimate for the grain-boundary barrier height. This
yields a highly reasonable value that is of the order of 150
{1.0 meV to 250 meV, depending on the sample.

Recent studies have shown conclusively that the persis-
tent PC is associated with the YL-related st&té$or this
reason, yellow, 2.5 eV photons were used as the illumination
source in this study. The relation between the YL and the
‘ : . . . ~ loo persistent PC is easily interpreted within the framework of
12 16 20 24 28 32 36 the grain-boundary limited transport model. First, we have

Photon Energy [eV] previously shown that the YL-related defects are ofaan
ceptornature and are negatively charged in equilibritihif.

FIG. 4. (a) Photoluminescencéhb) photoconductivity, andc) these states are present at the grain boundaries pftgpe
surface photovoltage spectra of the three representative samplesmaterial, their negative charge will induce grain-boundary

potential barriers that resist lateral conductivity. Discharging
well-known “yellow luminescence”(YL) peak, resulting these states induces a conductivity increase, brought about
from defect states, shown to be distribute@.2 eV below by lowering the barriers. Such a discharge may take place
the conduction-band edd&.?! As shown in Fig. 4a, the when the film is illuminated at a photon energy sufficient to
samples chosen for this study exhibitestyingratios of YL  excite electrons from these states into the conduction band
to band-edge emission, so as to ascertain the general natuie., yellow illumination). This is because the excited elec-
of our conclusions. trons are swept into the grain by the electric field of the SCR.

A band-gap-related peak at3.4 eV is also observed at When the illumination is switched off, electrons from the
the PC spectréFig. 4b). Here, apeak(rather than a kne€') bulk can only use the thermal energy in order to surmount
is observed because at photon energies exceeding the bate remaining potential barrier, refill the grain-boundary
gap, the absorption coefficient increases considerably, argtates, and resume their equilibrium distribution. Further-
most photons are absorbed in a thin near-surface layer. Thusiore, during this process the barrier height, and conse-
many generated electron-hole pairs are lost to surface recomuently the trapping process lifetime, progressively increase,
bination, and the net excess carriediscreasedather than resulting in apersistentPC.
increased? This confirms that we have indeed probed the The same model further predicts that persistent PC behav-
bulk photoconductivity rather than theurfaceone. In the ior mustbe accompanied by persistent SPV behavior, as in-
sub-band-gap energy range, the PC data feature a significated observed in all samples, due to a similar excitation of
signal starting at-1.6 eV, i.e., at the onset of the YL. More- YL-related states situated at tifree surface Moreover, the
over, the magnitude of the yellow response in the PC spectr8PV decay is expected to be slower than that of the PC,
increases with increasing yellow response in the PL datebecause the surface potential barrier that electrons must sur-
Indeed, it was previously established that PC probes the yetount is higher than that at the grain boundfigg. (7)].
low absorptiorf. This absorption involves the transition in- Indeed, a slower decay of the SPV, with respect to that of the
verse to that of the YL, i.e., the excitation of electrons fromPC, is apparent in Fig. 2.
the deep state into the conduction band. We note that in a different model persistent PC in GaN

A band-gap-related feature at3.4 eV is also observed in films has been related to metastable states induced by large
the SPV spectrfFig. 4(c)]. However, because SPV probes a lattice relaxationg® Interestingly, while this mechanism is
surface quantity, this band-gap-related feature is typicallyhighly plausible, in light of what is known for other Il1-V
observed as a knee rather than a p¥alust like the PC data, compound£?® Fig. 2 rules out its dominance for the films
the SPV data also feature a significant signal startingla6  studied here. The surface potential and the bulk doping are
eV, which correlates with the PL data. Therefore, SPV alsdnversely relatedEqg. (6)]. Therefore, had the persistence of
probes the yellow absorption. However, whereas PC is byhe SPV been associated with a persistent increase in bulk
nature abulk-sensitive tool, SPV measurements of such GaNdoping, the time constant associated with the PC and SPV
layers are sensitive to states situated at the free GalMecays would have bedhe same This is clearly not the
surface®® case here. Indeed, Lang noted that even in llI-V alloys,
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where persistent PC due to metastable states is well known, In conclusion, we have presented a model for grain-
persistent PC due to macroscopic potential barriers, ipoundary controlled transport, according to which transport
present, “cannot be dismissed lightly?® is limited by potential barriers associated with grain bound-

The model we have corroborated can also account for th8"€S: The similarity of _the defect energy structure at the free
other transport phenomena listed above. The huge ultraviol surface and at the grain boun_dary of G.aN_ layers allowed us
: % use the free surface potential as an indicator of the grain-

gain can be related to a sharp increase in the effective carrigfondary potential. This allowed for significant experimental
mobility, brought about by the photoinduced reduction ofsupport of the model, obtained by observing a persistent sur-
dgn [EQ. (1)].%” The highly nonlinear dependence of the con-face photovoltage behavior and an exponential dependence
ductivity on implantation dose can be brought about becausef the photoconductivity on the surface photovoltage. These
the implantation causes a decrease in the effective bulk dogindings provide significant qualitative and quantitative evi-
ing due to a controlled introduction of defeétghis in-  dence, respectively, in support of the model.

creasespy, [Eq. (6)] and therefore reducas exponentially We thank Professor K. Weiser and Professor R. Kalish for
[Eg. (1)]. Finally, the same increase @fy, with decreasing their illuminating remarks. This research was supported in
effective doping can explain the decrease in effective mobilpart by the Israel Ministry of Science and by the Kidron
ity with decreasing doping levél. Fund for Research in Microelectronics. Y. S. is grateful to
Henry and Dinah Krongold for their generous support.
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