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Hall photovoltage deep-level spectroscopy of GaN films
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Spectroscopy of photoinduced changes in semiconductor Hall voltage is proposed as a method to charac-
terize deep levels. An analytical expression for the Hall coefficient as a function of the charge trapped at grain
boundaries is derived. The experimental Hall voltage is demonstrated by measuring thin films of GaN grown
on sapphire and is shown to be consistent with the model. The Hall voltage spectrum is correlated to spectra
from three other deep-level spectroscopies: photoluminescence, photoconductivity, and surface photovoltage,
obtained under the same conditions from the same sample. Comparing spectra from the various spectroscopies
shows that the yellow-luminescence-related deep states in GaN are charged in equilibrium and discharged by
the exciting photons, and suggests that the blue-luminescence-related states are deep donors positioned 2.8 eV
above the valence band and neutral in equilibrium.
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[. INTRODUCTION broad spectral peak, centered arour860 nm(photon en-
ergy of ~2.2 eW.2 Cathodoluminescence studies have
In recent years, technological breakthroughs in GaNshown that this YL originates at grain boundarie&.con-
growth and device technologies have resulted in numerougection was also shown between the presence of YL and
devices, notably the blue emitting GaN based faaed the  persistent photoconductivifyLately, we proposed a model
solar blind focal plane array camérdor lack of adequate and provided.evidence fo'r grain—bpundary controlled trans-
GaN substrates, GaN films are commonly grown on subPort in GaN films. According to this m(_)del, YL re!ated ac-
strates to which they are both lattice and thermally mis-Ceptor states, present at the GaN grain boundaries, capture
matched. Typical growth process starts with the formation of—:-lec_trons and are respon_S|bIe for the formation of potentlal
a highly defective nucleation layer at temperatures lowefarriers between the grains. These states can be discharged
than the typical growth temperature providing a bridge ovetSing sufficiently energetic photons, resulting in lowering of
the lattice mismatch. The following growth proceeds as isthe barneors and_an increase of t_he Iateral_ transport thr_ough
lands, which evolve into columns that eventually coalescethe layer.” Photoinduced conductivity may imply a photoin-
The resulting columnar structure is commonly observed irffluced mobility, as these two properties are directly propor-
cross-sectional micrograpfigh consequence of this granular tional. A common way of measuring mobility is the Hall
structure is the high density of defects §2A0°cm3) typi- _effect_. The mobility thus measured, terme(_j Fhe Hall mobility,
cally observed in these filnfsA comparable defect density IS defined as ”1‘19 product of the Hall coefficieRf;, and the
would inhibit lasing in GaAs. Lasing in GaN may be ac- conductivity, o,
counted for by the localized nature of the defects, which
were shown to be located mainly at grain boundati@s.
reduce the density of defects, lateral epitaxial overgrowth
(LEO) has lately been incorporatéd:’ LEO enables further
growth of selected grains resulting in lower density of grainBy this definition, it is clear that Hall mobility is also directly
boundaries. However, despite the progress, extended defegigoportional to the magnitude of the Hall coefficieRy . In
are still present in most of today’s GaN devices. equilibrium and under constant current and magnetic field,
Electronic states in the forbidden gégap states or deep R, should be constant. However, as we discuss herein, it
levels are the electronic expression of defects. Hence, deemay change under photoexcitation. Studies of photoinduced
level spectroscopies provide an indirect method to monitomobility as a function of photon energy have been carried
the presence of defects through their electrical activity. Ofout on semi-insulating GaA$ 14 Significant mobility varia-
the various spectroscopic methods used by GaN growersions were only observed under above-bandgap illumination.
photoluminescencéPL) has probably been the most com- Several works have been reported lately which relate the
mon. A frequent finding is that when GaN films are exposedbservation of thermally activated mobility in both doped
to above-bandgap illumination, a characteristic yellow lumi-and undoped GaN to the presence of grain-boundary poten-

nescencgYL) is emitted. This luminescence appears as dial barrierst>~*’
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In this paper, we propose the use of photoinduced changes < L >»
in the Hall coefficient as a spectroscopic tool for monitoring Vi
deep levels at internal interfaces, such as grain boundaries ?
To demonstrate this tool, we examine photoinduced changesﬁ _ ” ﬂ
of the Hall coefficient in GaN. The obtained Hall voltage
spectrum is correlated to other deep-level spectroscopies —>|
(photoluminescence, surface photovoltage, and photocon- ¥
ductivity) obtained from the same sample. The correlation is 4 >
used to characterize the underlying deep levels in GaN and toy, 2
support the hypothesis of grain-boundary controlled trans-
port mechanism in GaN films. I

L

S

V'S

Il. MODEL

grain

The Hall coefficientRy, is inversely proportional to the
carrier concentratiom:

-

1
Ry=—T o ) Va
where q is the electron charge, andis a proportionality @
coefficient known as the scattering coefficient. At the low
magnetic fields commonly employed in Hall measurements, Vl\ \ vz
r=1 and is given by Vi oy $E—P Ji
_/2 2 ~— >/,
r=(r)/(7)", 3) A =

where 7 is the coherence time between subsequent impurity

scattering events. Hence, the Hall coefficient relates to the (b)
density of ionized scattering centetdrough the scattering

coefficientr. Under constant magnetic field, current, and car-

rier concentration, changes inshould be observed through

the Hall voltageVy, as

©

\Y
WHZRHJ B, (4) FIG. 1. (@ Schematic representation of Bube’s model with
grains of dimensioth; and resistivityp,, separated by grain bound-
where E is the Hall field, W is the distance between the aries of dimensiomh, and resistivityp,. (b) A unit cell and the three
Hall voltage measurement contacfsis the density of the possible voltage components of the Hall voltage produced in the
applied current, an® is the magnetic field. Therefore, as Ccell- (¢) Equivalent circuit(after R. H. Bube, Ref. 19
long as the carrier concentration remains unchanged, photo-
induced changes of the Hall voltagdall photovoltaggmay  grains. This special case makes it easy to obtain an expres-
provide information on the equilibrium ionization state of sion forr using a simple model. To that end, we use a model
photosensitive deep levels. In lowly doped semiconductorsriginally introduced by Bube for the case of Hall effect in
the density of deep levels may be comparable to the carrisnhomogeneous materiai$ Since the GaN film is known to
concentration and thus the photoeffect of deep levels magrow in columnar structure, it may be viewed as composed
not be limited to the scattering coefficientbut may involve  of two materials: one represents the bulk of each grain and
a compensating influence through the carrier concentration possesses low resistivity, ; the other has high resistivity,
[Eg. (2)]. On the other hand, moderate doping is usuallyp,, representing the grain boundaries, where defects trap
enough to render the photoexcited excess carriers negligibleharges and repel free carriers. The added resistivity of the
To demonstrate the applicability of the Hall photovoltagegrain boundaries gives rise to an additional Hall voltage pro-
spectroscopy, we have chosen GaN. Unintentionally dopeduced over these boundaries. This additional Hall voltage
GaN is typically moderately to heavily dopettype (n may be expressed as a factor; 1, increasing the Hall co-
>10'*cm’), while the observed densities of defects are typi-efficient.

EH:

cally a few orders of magnitude smallen & 102cm?). 18 Let us assume a material composed of columnar grains of
This combination makes the GaN suitable for Hall photo-square cross section with dimensibpand resistivityp,,
voltage spectroscopy. separated by grain boundaries with typical thicknesand

GaN presents, however, a special case, where the materigsistivity p,, as illustrated in Fig. ().2° Assuming the GaN
is not uniform but is composed of ordered columnar grainsfilm can be treated as a series of basic such unit ¢EI
Hence, most of the scattering events are likely to take placé(b)] each unit cell may be described by an equivalent circuit
at the potential barriers formed at the boundaries of the GaliFig. 1(c)]. For this model, we also assume that no scattering
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events take place inside a grain, and that if such events oc-
curred, their overall influence on the measured Hall voltage
would be negligible as compared to the scattering at the
grain boundaries. Following Bube’s notation, we define two
dimensionless parameters, which reflect the properties of the
material, a=p4/p,, and B=I1,/1,. In the following treat-
ment, we assumg<<1.

If the Hall voltage produced at each unit cellAY/,, the
total Hall voltage will be given by (a)

Substrate

VH:AVHW/(I1+|2), (5)

where W/(l;+15) is the number of unit cells in series. In
each of the unit cells, three voltages develop and contribute
to the Hall voltage:V; is the voltage generated across the
bulk of the grain,V, generated in parallel wit\/; across a
grain boundary, and/; that is generated across a grain
boundary in series t&; and V5. These three voltages are (b)

represented in Fig.(&) by three voltage sources and their

series resistances. Using the equivalent circuit, we can ex- FIG. 2. (@) Schematic illustration of a film possessing a colum-

pressAVy, in terms of the three contributions: nar grain structure, an@) the corresponding equilibrium band dia-
gram(¢: the average grain-boundary potential bairier

ry
AVH Vl I‘1+I’2(V2 Vl) V31 (6) J:Jl_’_B]Z:E(1+B)p2+ﬁpl+ﬂ2:ﬁ 1 )
where 1+ L (1+B)(p1tBp2p2 L P1+,3P%1'3)
r ap
= =ap, (7)  Substituting Eqs(11) and (13) into Eq. (12) enables us to
I’1+ I’2 1+ 0(,8
extractR,
Va (1+5) Va 1 2 2
V;=Ryl1j;B=Ryl;— ———B=Ryl;— ———B, l1 B B
1=l YYL pitBpy YEL pitBpy @ R= 1, 1+— R1:(1+; Ri. (14)
V. (1+ However,R; is the Hall coefficient for a bulk monocrystal-
V,=R,l zle:RZH_AM line GaN without grain boundaries. Therefore, it relates to
L p1t+Bp2 the measured Hall coefficiet through the scattering coef-
Vv 1 5 B ficient: R=rR;. This allows us to obtain an expression for
=R, 1—A—B—= ~vy, (9)  the scattering coefficient in the case of scattering at grain
L p1tBp: a « boundaries:
2
. Va 1 Va 1 =1+ =14p222 (15
V3—R2|2123—R2|2TEB—R1|1T EBB a p1
p1+ Bpo B To complete this treatment, let us calculatg assuming

1+ ;) Vi, (10 it results from thermionic emission over a symmetric grain-
boundary potential barriefFig. 2. The argumentation for

while Ry is the Hall coefficient for the bulk of the grain, i.e., thermionic emission transport over a forward biased grain-

for monocrystalline GaN, an®, is the Hall coefficient for boundary barrier is the same as for a forward-biased

=BTV1=E

the grain boundaries. Schottky barrief*
Substituting Eqs(7) and (9) into Eq. (6) shows that for
<1 we getAVy=V,;+V;. Hence, we get -tV
B g H= V1T V3 g jF=C~T2~eX[<q( kC/’T )>, (16)
A B
AVW=Ryl p1+ Bpr B( ) (1D where ¢, the barrier height, is assumed to be larger than the

thermal energT, andV is the applied bias. However, un-
like a Schottky barrier, the transport in this case is symmetri-
cal. Based on this symmetry, the reverse current through this
barrier should therefore be

Substituting Eq.(5) into Eq. (4), we obtain a relation be-
tween the measured Hall coefficieRtand AV :

W
AV, =RWJB (12)
ERNF. o2 e 4TV )
wherelJ is the total current density, JR= 7R Teex kT (7
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and the total current crossing the barrier is could be optically discharged and thus neutraliZ&t:>>Op-
tical neutralization of the YL-related states may thus be ex-
j—c.T2. exp( Q¢> l{ﬂ>_ p(_ﬂ” pected to reduce the scattering and consequently the Hall
kT kT kT voltage. The following experiment was set to examine this
hypothesis.
=2C-T? exp( q¢) m{ﬂ) (18
kT kT)"

I1l. EXPERIMENTAL DETAILS
In our experiment, the voltage drop between two contacts

that were~8 mm apart could not exce;:-d afew V. The aver_organic vapor phase epitaxy 68001 oriented 12 12 mm
age grain size is typically about 0 2 and therefore the ) : .
g9c g ypiealy an, apphire substraté8 The samples were-2 um thick with

voltage drop over each barrier was in our case very small a

7 —3 H
compared to the thermal ener&y. This reduces Eq18) to  an effective doping level oh~4x10""cm™*. Photolumi-
P 8y. 418 nescence was excited using a HeCd 4826 nm, 10 mW.

The GaN films used in this work were grown using metal-

qé\ qV The emitted luminescence was monochromatized, filtered,
j=2C.T% exp{ kT) KT (19 and sensed using a GaAs photomultiplier tube. Samples
showing significant yellow luminescence were used for this
Hence, study. Surface photovoltagéSPV) spectroscopy measure-

aé aé ments were conducted inside a dark Faraday cage in nitrogen

-1 av atmosphere. The surface photovoltage was measured by

P2 T exp‘ kT] of P2~ poexp{ kT] 20 monitoring changes in the surface work function. These

changes were monitored using the Kelvin probe technique.

The latter measures the contact potential differef@eD),

i.e., the difference in work function, between the semicon-
L4 g2 Po W’qu] ductor free surface and a vibrating reference pro5& The

r =

Substituting this result into the expression we obtained for
[Eq. (15)], we get

KTl (21 photovoltage is defined as the difference between the CPD
values in the dark and under illumination. A commercial
This shows a dependence obn the grain-boundary barrier Kelvin probe(Besocke Delta Phi, Germahywith a sensitiv-
potential,¢. However, this is not thenly dependence, as the ity of ~1 mV, was used in all measurements. To provide a
factor 8 depends ong as well vial,;. Most of |, is the common ground for the probe and the sample, four Ohmic
depletion region induced by the grain-boundary charge:back contacts” of indium were soldered on the periphery of
Solving the one-dimensional Poisson equation under théhe sample surface, while the Kelvin probe was brought to a
depletion approximation, it can be shown that the total widthdistance of about 1 mm from the sample over the free part of
of the depletion regions in both sides of the boundatyd$ the surface. One of the Ohmic contacts was used in the SPV
measurement, and all four were used in the Hall effect mea-
| 2¢ vz 22 surement. We emphasize that as the back contacts were not
W= qNg (22) illuminated, the results given below were not influenced by
) ) ) . ) either defects at the metal/GaN interface or the exact resis-
and since this depletion regiam occupies most of , tance characteristics of the contakt.

Photoconductivity(PC) and Hall photovoltage measure-

2¢e . - :
12~ —— . (23)  ments were carried out within the same spectroscopic setup
ANy used for the SPV measurement and under the same condi-
Substituting Eq(23) into Eg. (21) we obtain tions, using a four-point van der Pauw contact arrangement.
A Keithly model 225 was used as a current source, and a
GMW Magnet Systems, model 3470, 1.2-T electromagnet
r= qu|2 o1 ¢ D{ ] (24) provided(with the employed interpole ga@ magnetic field

of ~400 G. The gap between the magnet poles waé mm
Therefore,r increases with the average height of the grain-to allow enough space for both the sample holder and a chro-
boundary potential barrierg. This potential relates to the mium coated silicon sample used as a mirror. Each Hall pho-
chargeQ+ trapped at the grain boundary deep level€Qgs tovoltage spectrum was obtained by subtracting from the

=qgNgw, which, using with Eq(22), gives Hall voltage spectrum a spectrum obtained under the same
5 conditions in the absence of magnetic field.

QT All measurements were carried out at room temperature

¢= 2eqNy’ (29) and inside a dark Faraday cage. Prior to illumination, each

GaN sample was maintained in the dark for an extended
Hence, optically induced discharge of the grain-boundarnyperiod to eliminate persisting effects of previous light expo-
defects may result in lowering of the grain-boundary poten-sure (typically ~12 h). The free surface of the sample was
tial barriers, and, consequently, decrease the measured Hé#flen illuminated using a 250-W tungsten-halogen lamp, or a
voltage by decreasing The YL-related states in GaN were 150-W xenon lamp, filtered through a 25-cm grating mono-
suggested to be acceptors ionized in equilibrium, whichchromator. For spectroscopic analysis, wavelengths were al-
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FIG. 3. (a) Photoluminescenceb) surface photovoltage(c)
photoconductivity, andd) Hall voltage spectra obtain from the
same representative yellow-luminescent GaN sample.
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This is the well-known YL peak, resulting from defect states,
shown to be distributed-2.2 eV below the conduction-band
edge!®* A bandgap-related feature at3.4 eV is also ob-
served at the SPV spectruf&ig. 3(b)]. However, as SPV
senses absorption, rather than emission, this feature is ob-
served as &neeand not as a peaK.In the below-bandgap
energy range, the SPV data feature a significant signal. It
starts at~1.6 eV, i.e., at the onset of the YL, and levels off at
~2.9 eV, i.e., at the outset of the YL. This correlation arises
because SPV probes the “yellow absorptiot® This ab-
sorption involves the transition inverse to that of the YL, i.e.,
the excitation of electrons from YL-related states into the
conduction band.

An additional SPV transition is observed at photon ener-
gies between-1 and 1.4 eV. This transition is not present in
all samples. Where present, it may vary in intensity from one
measurement to another and also from one sample to an-
other. A SPV decrease in amtype material typically in-
volves a minority carrier transitioff;*! which in the present
case implies excitation of an electron from the valence band
into an empty state. This suggests that the SPV decrease is
due to charging of a deep level centered.2 eV above the
valence-band edge, coinciding with that of the YL-related
deep level Ec—2.2eV=E\+1.2eV). We therefore con-
clude that the two transitions at1.2 and ~2.2 eV are
complementary transitions involving the same deep level. A
sizable SPV response to a majority carrier transition, com-
bined with a relatively weak SPV response to the comple-
mentary minority carrier transition, is commonly observed in
wide band-gap semiconductors, as minority carrier transi-
tions are known to have an inherently weaker manifestation
in SPV spectrd’ We note that the presence of the comple-
mentary transition indicates that the YL-related stateads
completely filled A transition complementary to the YL has
also been observed using capacitance spectroscopy irfGaN.
Finally, a transition is also observed at 2.8 eV, in correlation
with a minor PL peak at the same energy. A photolumines-
cence peak at 2.8 eV was previously observed in GaN and is
often referred to as thelue luminescencpeak®?~3*

Figure 3c) presents the photoconductivity spectrum ob-
tained from the same sample. A bandgap-related peak at
~3.4 eV is observed here as well. Here, a peak is observed
because at photon energies exceeding the band gap, the ab-
sorption coefficient increases considerably and most photons
are absorbed in a thin near-surface layer. Thus, many gener-
ated electron-hole pairs are lost to surface recombination and

ways scanned from 1200 to 350 nm, in 1-nm steps. Thehe net excess carrier is decreased rather than incréased.
dwell time at each step was 60 sec and was established f@elow the band edge a positive increase of the photoconduc-
these GaN films in a previous stutf.

The energy positions of the electron transitions observetbw-energy edge of the YL peak. A positive photoconductiv-
in the various spectra were denoted by the center of the enty may result from the introduction of both excess electrons

ergy range, over which the transition is observed.

IV. RESULTS

tivity is observed starting at the same photon energy as the

and excess holes. Therefore, as such, it does not reveal the
energy position of the involved gap states. However, in Fig.
3(c) a smallnegativephotoconductivity is observed between
~1.0 and 1.5 eV, i.e., exactly where the YL-complementary

Figure 3 compares spectra obtained using the four differtransition is observed in the SPV data. A negative photocon-
ent spectroscopies on the same sample. The PL spectruthuctivity is known to result only from minority carrier

[Fig. 3(@)] features a bandgap-related peak-&.4 eV, as
well as a broad below-bandgap peak, centered-2R eV.

transitions®® If the YL-related complementary transi-
tion involves minority carriers, then the YL-related transition
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at ~2.2 eV must involve majority carriers. Another minority ~ The evolution of the metastable defect model shows that

carrier transition is suggested by the kink observed in th&everal explanations other than metastable defects have been

photoconductivity spectrum at 2.8 eV. proposed. Most of these models were eventually rejected ex-
Figure 3d) shows the Hall voltage spectrum obtained un-cept for the “macroscopic barriers” model. In his review of

der the same excitation conditions as the SPV and the ph@X centers in I11-V alloy$® Lang notes that this alternative

toconductivity spectra and from the same sample. A decreasgplanation “cannot be dismissed lightly,” especially in the

in the Hall voltage is ob.served to commence at thg onset ofases of “thin(<5 um) epitaxial films of GaAs on semi-

the YL peak at~1.5 eV, in agreement with the prediction of insulating substrates” and “impure, closely compensated

Sec. Il. This YL-related transition clea_rly dominates thep crystals.” The resemblance of these cases to the GaN
spectrum up to the band edge while being perturbed at 2.8,50 i hand is obvious. Nevertheless, this resemblance

eV in correlation with the blue luminescence peak. This - -
annot overrule a possible presence of metastable defects in
trend changes at the band edge, where the Hall voltage sta?s P P

to increase. This increase may be explained by the limite aN. Being an ionic crystal, GaN is actuafiyore likelyto

absorption depth of above-bandgap photons: the bulk of th I? SSGe:\,SA mgtaﬁa}ble (Tefectf t”han, f"g" d%Hs:;wever, un-
film is no longer excited, and a relaxation process sets in t € S, 2ald IS polycrystaliine. Hence, as long as mono-

restore the dark value of the Hall voltage. The 2.8-eV fe<';1turé:ry3t"""ine G"?‘N has not bgen produced, thg .persistent photo-
suggests that the deep levels related to the blue luminescengHects are likely to manifest a superposition of the two
are neutral in equilibrium and are charged by the light. Mechanisms, which cannot be separated. _ _
However, the same wavelengths excite the YL-related states We show that the presence of charged grain boundaries
as well, and finally the response of the YL-related state$an definitely account for a greater than unity Hall coeffi-
pre\/a”s, probab|y due to having a stronger effect on thé:ient and their optical discharge for a decrease of the Hall
scattering. A transition, opposite to that of the YL, is ob- voltage, which is also observed experimentally. These results
served over theomplementaryL transition rangg~1-1.4 lend further support to the applicability of the grain-
eV), in agreement with the similar transition observed bothboundary potential barrier model in the case of GaN thin
in the SPV and the PC. This type of transition is absent irfilms on sapphire.
samples where the complementary SPV transition and PC This study offers a few “by-product” observations as
transition are missing. well. The first one is the complementary YL transition. It is
Finally, it is important to note that GaN samples, which observed in SPV, PL, and Hall voltage spectra. The relative
do not show significant below bandgap luminescence, alsghtensity of this transition was found to vary among the vari-
did not show below-bandgap transitions in spectra from theyys methods, as well as among various samples and may
other deep-level spectroscopies used in this work. even vary among various measurements of the same sample.
These variations are related to the varying stages of relax-
ation at which a sample may be when the spectrum acquisi-
tion is begun, due to the extremely long relaxation times
Hall photovoltage spectroscopy offers information on theassociated with the YL-related states in GEN.
charging state of deep levels. While this is clearly predicted A second by-product observation is the blue luminescence
for uniformly distributed deep levels, the model and the re-related transitions. As opposed to the YL, there is no clear
sults presented here show it is useful in the caseoofuni-  evidence associating this luminescence with any specific lo-
formly distributed deep levels, such as grain-boundary gapgation in the GaN film structure. The PC spectrifig. 3(c)]
states. GaN provides an interesting test case. suggests this is a minority carrier transition, while the Hall
The detailed comparison of the Hall voltage spectrumvoltage spectrum suggests that the related deep level is neu-
with the three spectra from the other spectroscopies stronglyal at equilibrium. As such, it is probably positioned 2.8 eV
suggests that the decrease of the Hall voltage starting at 1dbove the valence-band maximum, and is probably a nonion-
eV results from electronic transitions involving the YL- ized donor, which may agree well with the direction of the
related states. The effects of these transitions on the condu&PV change at this energy. The evidence regarding this deep
tivity, the surface photovoltage and the Hall photovoltagelevel is, yet, quite limited. Further and more specific studies
may all be accounted for by one model. This model relies orare required.
two well-known observations(i) that with the current Last, our model does not show any dependence of the
growth technology, it is only possible to produpelycrys-  grain-boundary barrier related part of the Hall coefficient on
talline GaN=" and(ii), that most of the YL originates at the the magnetic fieldsee Eq(24)]. Such dependence is known
boundaries of the GaN crystallites or grainShe presence to exist in cases of uniformly distributed ionized
of traps at grain boundaries led to the resurrection of thémpurities** This dependence is commonly used to measure
grain-boundary potential barrier model, which has been sucthe Hall coefficient®® The absence of such dependence in the
cessfully used for polycrystalline silicofi,and for inhomo-  analytical expression we obtain may be of further use in
geneous semiconductdt$lt was then shown that this model identification of the relative contributions of grain-boundary
clearly accounted for persistent photoeffects in GaN, such asharges vs uniformly distributed ionized impurities to the
photoconductivity and surface photovoltaeThe same overall Hall coefficient. This aspect was not addressed in this
phenomenon may, however, be explained by the metastablgeork due to a lack of a sufficiently strong magnet, and there-
defect modef?-42 fore remains a subject for further studies.

V. DISCUSSION
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VI. CONCLUSION spectra with spectra from several other deep-level spec-
Hall photovoltage is proposed as a deep-level spectro SF_roscopi.e_s suggests that the blue luminescence related states
. : are positioned 2.8 eV above the valence band and are deep
copy. Its power is demonstrated on GaN films. d . e
. . : onors neutral in equilibrium.
Considerations of the common columnar grain structure
of thin GaN films yield an analytical expression linking
photoinduced changes of the Hall voltage with a discharge of
the yellow luminescence related traps located at the grain
boundaries. This linkage is shown to be generally consistent The experimental part of this work was carried out at the
with the experimental Hall voltage spectra, in support of theTechnion-Israel institute of Technology and at Tel Aviv Uni-
grain-boundary potential barrier model in GaN. versity. This research was supported in part by the Israel
Hall voltage spectral behavior shows that the YL relatedMinistry of Science and by the Kidron Fund for Research in
states are charged in equilibrium and may be partially disMicroelectronics. Y.S. is indebted to Henry and Dina
charged under illumination. Comparison of the Hall voltageKrongold for their generous support.
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