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Local conductivity and surface photovoltage variations due to magnesium
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Conductive atomic force microscogZ-AFM) and surface photovoltag&PV) microscopy were

used to investigate local electronic structurepitype GaN. C-AFM imaging revealed locally
reduced forward- and reverse-bias conductivity near threading dislocations. In addition, regions near
threading dislocations demonstrated significantly enhanced surface photovoltage response when
compared to regions away from dislocations. Analytical treatment of the surface photovoltage as a
function of pertinent material properties indicated that reduced background dopant concentration is
the most likely cause for the increased SPV. Both reduced conductivity and enhanced surface
photovoltage are shown to be consistent with Mg segregation to dislocation cores that results in
regions of locally decreased electrically active Mg concentration surrounding the dislocations.
© 2004 American Institute of Physic§DOI: 10.1063/1.1713025

I. INTRODUCTION complementary studies to evaluate the impact of Mg segre-
tion on local electronic properties. Examination of electri-
| properties such as conductivity and dopant concentration
th high spatial resolution will help elucidate the relation-
ship between electronic behaviors and structural defects, and
1Ehereby provide insight into the issues most relevant to im-
proving p-type conductivity and device performance.
d In the present study, we have employed conductive
“atomic force microscopyC-AFM) combined with scanning
Kelvin probe (SKP) and surface photovoltagé€SPV) mi-
croscopies to evaluate conductivity, surface potential, and
‘photovoltage variations, respectively, along with their corre-
lation to structural defects. Our results reveal a correlation
between regions of both reduced conductivity and increased
SPV and the presence of threading dislocations. An analyti-
al treatment of the SPV response provided insight into the
@rigin of the conductivity and SPV variations.

Great advances have been made in the development arg
utilization of GaN-based materials for optoelectronic andWi
electronic devices. However, the performance of optical de
vices and of nitride-based bipolar transistors would benefi
from an improved understanding of issues relevarg-tgpe
conductivity in GaN. Unfortunately, the most widely use
p-type dopant in GaN, magnesium, suffers from high activa
tion energy: susceptibility to passivation via the formation
of H defect complexe$,and the tendency to produce struc-
tural defects such as inclusions and even polarity inversion
It is therefore of great technological and scientific impor-
tance to investigate the nature of Mg incorporation in GaN
and the resulting nanoscale electronic behaviors.

Previous studies of Mg incorporation in GaN have
shown a plateau in free hole concentration with increase
Mg incorporatiort suggesting the formation of hole-
passivating defects at high Mg concentrations, although this
critical fraction of Mg is likely dependent on growth param- |l. EXPERIMENT
eters. Nearly all studies of the electronic propert'iepqipe The sample structure employed in these studies was
GaN have been conducted on large-scale device structuresyoyn by low-pressure metalorganic chemical vapor deposi-
and are therefore largely insensitive to microscale and nanogy,, (MOCVD) in an Emcore D125 UTM reactor. Growth
cale variations in electrical behavior that may exist. Pre"iou%ressure was 50 Torr for AIN and 200 Torr for GaN under a
surface photovoltage measurements on GaN-based materizp.j%rogen shroud with a V-IIl ratio in excess of 3000. The
have either examined the average behavior of large Surfac;?recursors used were trimethylalumin@®MAI ), trimethyl-
areas or studied response at only one point on the sur‘face.ga”ium (TMGa), ammonia (NH), silane (SiH), and biscy-
Because spatially resolved analysis is impossible in such ©flopentadienylmagnesium  (Gyg). Initially, a high-
periments, characterization of electrical behavior at thqemperature (~1070°Q AIN buffer layer of 100 nm
nanoscale may be highly illuminating. TEM-based structuraki-kness was grown on@plane 6H-SiC substrate, and the
investigation$ of Mg-doped GaN suggest that Mg may seg- subsequentp- and ntype GaN layers were grown at
regate to dislocation cores, leaving a Mg-deficient region_qg50°c. These subsequent layers include an undoped tem-
surrounding the dislocation; however, there have been NBlate layer, highly and moderately dopedype regions, and
finally, a 150 nm thickp-type layer. A schematic of the
dElectronic mail: ety@ece.ucsd.edu sample structure, including dopant concentrations, layer
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1000nm n-GaN n~5x10""cm FIG. 2. (a) Topographic andb) current images of a amx5 um area.
Surface pits in(a) yield a dislocation density of (7—18)10° cm™2. Dark
areas in(b) correspond to decreased reverse-bias current and correlate to the
ridges emanating radially from the peak seen just above centey.iGray
500nm GaN scales correspond t@ 8 nm and(b) 10 pA.
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SR C(n i and thus provides a measure of the relative surface potential.
Spatial resolution is dependent on the tip size, lift height, and

nature of the electrostatic force interaction.

FIG. 1. Schematic of sample structure and conductive AFM configuration.  In surface photovoltage microscopy, modulation of the
surface potential of a semiconductor through incident
illumination' is imaged. Super-band-gap photons incident

thicknesses, and the experimental geometry, is shown in Fi§" the sample generate electron-hole pairs, which redistrib-
1. The full width at half maximum of th&102) x-ray diffrac- ute themselves according to the electric fields present near
tion rocking curve for the sample studied wa800 in. Sec- the semiconductor surface. Fields near a depleted surface
ondary ion mass spectrometry measurements yield a M@/ill draw minority carriers toward the surface. In this man-
concentration of~3x 101 cm™ 2. A free hole concentration el Photogenerated minority carriers partially screen
of ~5X 107 cm~3 and a mobility of~10 cn?/V s were ob- surface-state charges and thereby reduce the surface deple-
tained from room temperature Hall measurements performefion charge needed to maintain charge neutrality, resulting in
on calibration samples grown under the same conditions. & decrease in surface band bending.pitype material, a
Local conductivity and surface potential measurement$l€crease in surface band bending corresponds to a decrease
were carried out in a modified Digital Instruments Nano-" the surface potential as measured by scanning Kelvin
scope® Illa MultiMode™ microscope under ambient atmo-Probe. Therefore, the shift in surface potential due to illumi-
spheric condition§~20 °C with 50% relative humidity The ~ nation, termed the SPV, is negative fotype material. Re-
C-AFM technique has been described previofidyiefly, a gions exhibiting a larger negative surface potential shift will
highly doped diamond-coated tip is held in contact with theP® réferred to as having a larger SPV. In the present study,

sample surface and acts as a Schottky contact to the sampliimination which includes super-band-gap components is

While scanning in contact mode, forwaréreverse) bias méident onto thg sample surfac;e while the. spatial distfibu—
conditions are established through the application of a posiion Of the SPV is monitored using the previously described
tive (negative bias to an ohmic contact on tipetype sample Kelvm probe method gnd correlated with conductivity varia-
surface and the current through the tip is measured with 40ns and defect locations.
current amplifier; in this manner, correlated topographyic
and current images are obtained. This technique reveall- RESULTS AND DISCUSSION
variations in conductivity with a spatial resolution of tens of The results and discussion are presented in three sec-
nanometers, limited by tip radius. tions. First, topographic and conductivity data, as well as
SKP and SPV microscopies utilize a conductive Co-Crcorrelations of electrical conductivity with dislocations, will
coated tip operated in lift mode. In scanning Kelvin probebe discussed. EquilibriurtSKP) and illuminated(SPV) sur-
microscopy, after acquiring each line of topographic data, théace potential measurements will then be presented. Finally,
tip is lifted by a prescribed distand@0 nm in this experi- the SPV effect will be treated analytically, and an explana-
mend and rescanned over the same region, maintaining @on proposed for the correlation of the local conductivity
constant tip-sample separation. Tip-sample force during thiand SPV variations with the spatial distribution of disloca-
lifted line scan is minimized through the application of a dctions.
“nulling bias.” ® This bias voltage is adjusted via a feedback
loop acting to minimize the tip oscillation amplitude, which
is proportional to tip-sample ford8. The bias voltage at Simultaneously acquired topographic and current images
which the force component at the oscillation frequency isare presented in Figs.(@ and 2b), respectively. Atomic
minimized corresponds to the tip-sample contact potentialedges,~0.4 nm high and indicative of the step flow growth

A. Local conductivity measurements
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mode!? and surface pits~-2 nm deep with radii of 25-50 @)
nm, are visible in Fig. @). The surface pits are most likely

due to the intersection of threading dislocations with the
surface'? Surface pits in GaN have previously been associ-

ated with dislocatior’s''* and the density of observed pits,
(7-10)x10° cm™?, is consistent with the dislocation den-

sity for this sample as measured by TEMReverse-bias

current variations, measured with an applied bias voltage
Vsampie= — 10V, are shown in Fig. @), with regions of de- =
creased current magnitude appearing dark. The magnitude of 8nm
the overall current and of the observed variations in current M
is several picoampere. It is evident from the figure that \ l
some—although not all—regions of reduced current magni-

tude exhibit sixfold symmetry. These regions generally ap-

pear to follow the ridges emanating radially from the center gt
of growth mounds, as seen in Fig(a? and likely lie in 1um

(1120) type directions® Similar conductivity variations are
observed under forward-bias conditiam®t shown; regions
exhibiting decreased reverse-bias current also exhibit de-
creased forward-bias current.

Although topographic variations can influence the
C-AFM measurement through the variation of the tip-sample
contact area, and thus the contact resistance, only topo-
graphic variations occurring on the length scale of the tip,
such as an atomic step edge, would be expected to affect
contact area. The sixfold symmetric C-AFM features referred
to above do appear to follow the ridges in the topography as
previously discussed; however, at 200—500 nm, the lateral
length scale of these topographic variations is large com-
pared to the tip size, typically-20 nm. Consequently, these
regions appear essentially flat to the tip and do not influence
contact resistance or current. Topographically induced arti-
facts may therefore be ruled out as the cause of these current
variations and crystallographic causes may be explored.

Threading dislocations in GaN-based materials can be
electrically active and have been found to cause carrief'C- 3: (@ Topographic andb) current images of a gm>x3 um area, with

.17 . . open circles in(b) indicating dislocation positions. The dislocations occur
scatterln@ and locally decreased electrostatic potei‘ﬁml primarily in the dark(low currenj regions of(b), indicating that the pres-
due to charge trapping at the dislocation core. The correlaence of dislocations reduces conductivity.
tion between conductivity variations and dislocations is pre-
sented in Fig. 3. The locations of surface pits in the topo-
graphic scan of Fig. @) are marked as open circles in the surface potential and photovoltage response, was therefore
current image of Fig. ®). There is a clear correlation be- performed in an effort to reveal the mechanisms responsible
tween surface pits, which correspond to threading dislocafor the observed reduced conductivity near dislocations.
tions, and regions of decreased conductivity. Previous studies
have correlated highly conductive current paths with scre
dislocations in n-type GaN grown under certain
conditions®1® However, to our knowledge locally decreased Scanning Kelvin probe microscopy is sensitive to sur-
conductivity associated with dislocations has never been olface potential variations, which can be caused by charged
served. Several possibilities could account for this variatiordislocations; however, equilibrium SKP measurements indi-
in conductivity, including doping or surface barrier varia- cated that surface potential variations were minimal in the
tions, or electrically active dislocations trapping carriersp-type GaN material studied here. Figure&@4and 4b)
leading to local depletion. Free-carrfiéand surface barriét ~ show SKP images for equilibrium and illuminated condi-
variations have been found to be associated with threadintjons, respectively. At equilibrium, surface potential varia-
dislocations inn-type material as acceptor-type trap statestions of ~5 meV in amplitude were observed—near the
within dislocations become occupied leading to decreasedoise level of the instrumerit-1 meV). This result indicated
potential and local depletion; however, acceptor traps neahat dislocations in these samples were either uncharged, or
midgap would likely not become charged in théype ma- charged but screened by a very high density of surface states.
terial investigated in the present study. Local probing oflllumination with super-band-gap photons, however, had a
complimentary electronic properties, specifically equilibriumpronounced effect on the surface potential. Figulb) 4

Topography

V\é. Surface potential and photovoltage measurements
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FIG. 4. Surface potential images obtained uné&®requilibrium and(b) regions of(a) and(b) to facilitate observation of correlated behaviors.

illuminated conditions. The illumination spectrum is shown(dh (d) Pro-

files taken along the diagonal lines indicated in imagesand (b). Illumi-

nation reduces the overall surface potential and increases the magnitude of

surface potential variations. in each image to indicate correlated dark regions in both

scans. These results clearly demonstrate that regions exhib-

iting decreased conductivity also exhibit increased SPV re-
shows a surface potential image acquired after the sampleponse. Recalling that regions of reduced current were also
was illuminated with a mercury lamp source having the specassociated with the presence of dislocations, we therefore
tral distribution plotted in Fig. &). The most striking effect associate the presence of dislocations with both decreased
of the illumination was the increase in contrast amplitudecurrent and increased SPV. A direct comparison between
clearly visible in Fig. 4b), from which we deduced that cer- SPV features and dislocation positions was less revealing
tain regions exhibited a greater SPV than other regions. lbbecause SPV features were larger and more diffuse than
addition to an increase in spatial variation of the surfaceC-AFM features. Several factors affect the spatial resolution
potential, the average potential of the entire surface experief surface potential measurements, including the tip-sample
enced a decrease upon illumination. Unprocessed secti@eparations of several tens of nanometers, sensitivity to long-
profiles were extracted for the equilibrium and illuminatedrange electrostatic forces, and photogenerated carrier diffu-
scans and are plotted in Fig(ch These sections, taken along sion, limiting the spatial resolution of this technique to 100—
the diagonal dashed lines in Figga#and 4b), showed that 300 nm for the conditions uséd C-AFM measurements, on
the overall surface potential is reduced 120 mV due to  the other hand, are made with the tip in contact with the

illumination. sample, resulting in a spatial resolution ultimately limited by
An overall decrease in surface potential upon superthe tip size, typically 10-50 nm in radius.
band-gap illumination is expected fprtype material. Upon Thus dislocations, which were previously correlated

illumination, photogenerated minority carrigf@ectrons for  with regions of decreased conductivity, are also correlated
p-type materigl are swept toward the surface by the electricwith regions that exhibited a larger SPV response. To under-
field within the surface depletion layer. These carriers in-stand the physical origin of these correlations requires an
crease the negative charge density near the surface, therebyamination of the dependence of SPV and conductivity on
increasing the potential energy for electrons near the surfacmaterial parameters. Factors that may lead to nonuniform
and correspondingly decreasing the degree of surface bar®@°V include variations in initial surface band bending,
bending preserit: The dark regions visible in Fig.(8) ex-  surface-state density, surface-state energy position,
hibited a larger negative shift in surface potential upon illu-generation-recombination rates, and doping. Variations in the
mination and are therefore referred to as having larger SP\initial band bending or surface-state density and energy po-
The spatial correlation between local variations in SPVsition are not likely to be present in these samples. These
and in conductivity was examined to investigate the origin offactors would lead to spatial variations in the equilibrium
these local electronic behaviors and is shown in Figa) 5 surface potential, which, as shown in Figay are not ob-
and §b), in which C-AFM and postillumination SKP images served. Spatial variation in generation-recombination rates,
of a single area are displayed. The dark regions in Fi@,5 which would effectively amount to a change in the density of
corresponding to decreased current magnitude, correlate vephotoinduced carriers, is also not likely if the dominant
closely with the dark regions in Fig(l), which correspond photoionization processes are band-to-band transitions.
to larger SPV response. White arrowheads have been plac&hotoionization of defect states within the band gap may be
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neglected for illumination energies even slightty0.01 e\j  the ratio of photoinduced minority carriers to bulk minority
above the band gaf;however, the illumination source used carriers, also known as the injection raticthe magnitude of

in the present study did include sub-band-gap componentshe electron charge, arkthe Boltzmann constant. The space
which may influence minority carrier generation. A region charge under equilibrium conditiolgd,. may be obtained by
with an increased density of a particular gap state wouldsettingA,=0 in Eq.(2) or by using the depletion approxi-
experience a reduced net recombination rate, longer minoritgnation as long as the equilibrium surface is indeed depleted.
carrier lifetimes, and therefore, increased minority carrier in-  The equilibrium surface-state charge per unit area is
jection in that region. Sub-band-gap transitions related spegiven by

cifically to Mg point defects could influence SPV response,

but an increased concentration of Mg-related point defects Q.=eN, 1 3)
. . . . _ — ;F )
near dislocations, leading to the observed increased SPV, s 1+e®Vo /KT

would not be consistent with the local conductivity results of .
4 where the surface states are assumed to be donoNiks,
therefore, considered unlikely. Transitions involving otherthe surfaca—/start]e den.ﬂt)y. per unf|t arEa,the.sIurfa}ce-stac\jte
midgap trap states, such as electron promotion from the veEnergy, and/q the equilibrium surface potential, Wit an
bution would also be required in order to effect a change irﬁﬁr:fce;tat? ch”argmm:. chanNge as f[lr.lbe'surfacef pOteT'?l
the surface potential and trap-to-trap hopping is not expectea 1S due 1o ifiumination. “Nonequilibrium - surface-state
I . . " -
bulk point defects is expected to be significantly lower than"9 W'tlh surfa(;e l;erm;_fle\_/el POSItioRss7 Qss, clorrespond-
the valence and conduction band effective densities of state!d t© 1ong and short lifetime traps, respectively. For a vary-
therefore should make a significantly smaller contribution tod€SCribe nonequilibrium surface-state cha@g. For non-
the SPV than band-to-band transitidhghe remaining fac- Va&rYN9 surface-state charge, H§) describes both equilib-
dislocations. The influence of doping on SPV was thereforeate chargf in the current work was assumed to be constant,
i.e., Qss= Q%, based on the fairly slow SPV decay, which in
tion. the current study occurred overl0 min. A more detailed
study of surface potential transients was beyond the scope of
C. Analysis of photovoltage response investigatefland modeled by a thermionic decay mechanism
with a time varying barrier. Allowing surface-state charge to
hotovoltage response have been previously examined in . . :
getail.“ SPQ\]/ respgnse may be treateg analyticélly beginnin would simply result in somewhat smaller predicted SPV val-
As surface band bending decreases due to illumination, sur-
Qsst Qsc=0, (1) face states would move above the Fermi level, increasing the
and the surface depletion space charge per unit area, resp& mpensating the photoinjected min_ority carrier electrons.
tively. Under the nonequilibrium conditions induced by illu- The expected SPV trends as a function of acceptor concen-
use the superscripto denote nonequilibrium properties, i.e., Under equilibrium cqndmons, Fhe surface.potenul@l,
Q* +Q%=0. Assuming that the quasi-Fermi levels through_and therefords, are uniquely defined for a given surface-
sumption appropriate for depleted surfaces of reasonabl%o.Sing charge neutrality. For equilibrigm conditions, SUbS.ti'
quality with carrier excitation uniform throughout the Spacetutlng surface state and surface depletion charge expressions,
charge regior? the total space charge may be integrated, : ;
g d P g y g tively, into Eq. (1) gives

the current study or the TEM results in Ref. 7 and was,
lence band into gap states, were possible but charge redist?(—0 measured with respect to the bulk Fermi level. The
P ; —O*
to be an efficient transport mechanism. Also, the density Of:harge may be treated either as fixeds= Qg,, or as vary-
4.6x109cm 3 and 2.2<10® cm 3, respectively, and ing surface-state charg¥; should replacé/, in Eq. (3) to
tor was then local variation in acceptor concentration neafUM and nonequilibrium surface-state charge. The surface-
examined analytically and is presented in the following sec-
the current work, but such transients have been previously
The SPV effect and the material parameters affectmq/ary during the illumination-induced surface potential shifts
with the charge neutrality condition qJes. This may be understood by consideringtgpe surface.
where Q.. and Q.. are the equilibrium surface-state charge positive charge in the surface states and therefore partially
mination, charge neutrality will still hold; however, we will tration would, however, remain the same.
out the depletion region are flat during illumination, an as-State density, energy, and ionized dopant derdiyby im-
given by Eq.(3) and the depletion approximation, respec-
from which the surface depletion region charge per area un

der illumination is given b} 1 \/m . W
e — - =0,
_ I‘/QSSKT e eVFIKT eve 1)+ Np eV IKT N TrevoEm e
se ely kT Py . . . .
allowing for the extraction oV, and by simple extension
eV* Ny CeVFKT L o+ eVH KT 12 using Eq.(3), Qs For the current simulations, the initial
T kT -1+ EAa(e te —2)| band bending is defined by an assumed surface-state density

and energy of X10®cm 2 and 1.5 eV respectively.

(2) Changes in these values have little qualitative influence on
wherel 4 is the Debye screening lengti, the surface po- the resulting behavid?, i.e., SPV trends versus injection ra-
tential measured from the bulk Fermi level, and p, the  tio and doping remain the same. lonized dopants in the
bulk concentrations of electrons and holes, respectively, depletion region are estimated to be 50% of the total Mg
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047 — 410" —-10° carrier concentrations. Therefore, decreased dopant concen-
tration would cause both decreased conductivity and in-
creased SPV, both of which are observed and closely corre-
lated with dislocations in thep-type samples under
investigation. This correlation is consistent with reduced Mg
concentration near dislocations. As mentioned previously,
TEM measurementshave provided evidence of Mg segre-
gation to dislocation cores leading to a decreased density of
active Mg acceptors in the vicinity of dislocations. We there-
i . fore suggest that the observed decreased conductivity and
5x10'8  1x1018 5x1019 increased SPV near dislocations are due to reduced Mg con-

Mg Concentration [cm™3] centration.

SPV [eV]

FIG. 6. Predicted photovoltage resporiS®V) plotted as a function of Mg
concentration for several injection ratids, . Decreased ionized impurity IV. CONCLUSIONS

concentration results in increased SPV magnitude. . .
9 Local conductivity, surface potential, and surface photo-

voltage measurements were carried out on Mg-dgpgge
GaN. Regions of reduced current, observed for both forward-
&nd reverse-bias conditions, were correlated with the pres-
ence of threading dislocations. Although equilibrium surface
potential measurements showed little variation, photovoltage
response exhibited significant spatial nonuniformity over the
sample surface. C-AFM and SPV measurements of the same
. A area revealed that the presence of dislocations is correlated
for the extraction of the nonequilibrium surface potenal with regions that exhibit both decreased conductivity and

and then surface photovoltage since SPY" V. increased SPV. This correlated behavior is explained as being

The calculated SPV response is plotted in Fig. 6 as a ; . .
a consequence of Mg segregation to dislocation cores, leav-

Kj:(?gogv?c;el\ﬂ? fcrgrrﬁiﬂteraé'ol?r:ndrf:(;ii?gsrglsgeféiﬁzsraxzzing Mg-poor regions surrounding dislocations. Analytical
. . . gure, F.) . . “treatment of the SPV effect confirms that reduced ionized
negative and increase in magnitude for increased injectio

; . o . "0l opant concentration would lead to enhanced SPV.
ratio A,. This makes intuitive sense, as injected negative P

charge reduces the amount of negative space charge needed
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