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Investigation of forward and reverse current conduction in GaN films
by conductive atomic force microscopy

J. Spradlin, S. Dogan,® J. Xie, R. Molnar,” A. A. Baski,” and H. Morkog
Department of Electrical Engineering and Department of Physics, Virginia Commonwealth University,
Richmond, Virginia 23284

(Received 16 October 2003; accepted 22 March 2004; published online 6 May 2004

We have used conductive atomic force microsc@@yAFM) to investigate the forward and reverse

bias current conduction of homo- and heteroepitaxial GaN-based films grown by molecular beam
epitaxy. In the case of homoepitaxy, C—AFM shows enhanced current conduction at the centers of
~30% of spiral hillocks, which are associated with screw dislocations. Local current—voltage
spectra taken by C—AFM on and off such hillocks indicate Frenkel-Poole and field emission
mechanisms, respectively, for low current levels in forward conduction. In the case of
heteroepitaxial GaN films grown on sapphire, the correlation between conduction pathways and
topography is more complex. We do observe, however, that films with more rectifying nominal
Schottky behaviofless reverse leakage curreptoduce forward and reverse bias C—AFM images
with strong asymmetry. €004 American Institute of Physic§DOI: 10.1063/1.1751609

Anomalies in current conduction can limit the perfor- (sample A or ammonia(samples B and Cas the nitrogen
mance of electronic devices, and GaN is no exception. Theource. Sample A is a 20-nm-thick ALGa g\ layer on a 1
source of anomalies such as excess current has been in gem GaN buffer, and samples B and C ar®.5-um-thick
bate; however, point defects undoubtedly play a role. Sucksa-polar GaN films. Sample B was grown at a lower tem-
defects can form complexes with extended defects, and shoperature(880 °Q with a lower 1Il/V ratio as compared to
selective uptake of impurities such as oxygen. Some groupsample C(925 °0, and represents a higher-quality reference
attribute  abnormal electrical characteristics to surfacéample withn=10"" cm™3 at RT'® |-V measurements of
states;~3 while others cite dislocatiofis® or bulk defects™®  Schottky diodes were obtained on samples B and C using a
The local electrical properties of films can be directly probedKeithley 4200 SCS parameter analyzer. Curve fitting of the
using conductive atomic force microscof§—AFM), where |-V data was based on a function used in Suetial,*®
a metallized tip acts as a microscopic Schottky contact. Siwhere two tuning parametefslope and interceptvere cho-
multaneous images of the surface topography and tip-sampRen for conduction mechanisthis'® For C—AFM measure-
current can lead to the identification of features associate§1€Nts, ohmic contacts were formed on all samples using
with enhanced current conduction. Previous gréfig@have Ti/Al/Ti/Au metallization and the tip fqrmed a microscopic
used C—AFM to show that screw dislocations are correlatecCNOtKy contact. The data were acquired using a Dimension
with reverse bias current leakage. Incorporation of excess Gat00 atomic force microscop@éFM) with Pt-coated canti-

at screw dislocations has been proposed as a mechahtdm. Ieverli_ anci elltggr aC QFIMZ?OtE_A IztiLA) or tur;n_ellng
In addition, oxygen related impurity accumulation near openamp' ler ( pA modu €. In this letter, current images
2 . . are presented such that brighter regions always indicate
cores* could be responsible for increased current leakage. 11} .
. . . . igher current conduction.
this work, we confirm this leakage behavior and show loca

Schottky barrier current—voltage curves on and off a defec- The AFM topogra}phy_ and C—AFM current images for
sample A are shown in Fig. 1, where the surface consists of

tive site, both in forward and reverse bias, and identify thipyramidal hillocks that are 150—500 nm wide and have a
conduction mechanism. In addition, we examine the Condu_density of~5x 108 cm™ 2. The C—AFM images for reverse

tioq be_havior.in b.Oth, forward gnd reverse bias for het_eroep|énd forward bias conditions are shown below the topography
taxial films with significantly different Schottky behavior. images. Enhanced current conduction occurs in both forward

The samples used in this investigation include any,y"reverse biases at the centers of the pyramidal hillocks,

AlGaN/GaN film grown on a hydride vapor phase epitaxy hich are likely associated with screw dislocations. Approxi-
(HVPE) GaN template(sample A, and two GaN films  ately 309 of these features conduct at the maximum re-
grown on sapphire substratesamples B and CAll films  yerse pias of 12 V. The number of features demonstrating
were grown using molecular beam epitsa®¥BE) under Ga-  conduction increases with increasing bias. Note that the
rich conditions with radio-frequency plasma nitrogen|arger circles superimposed in Figsibland Xc) indicate
hillocks that conduct at both biases, where the extent of such
AAlso at: Atafirk University, Department of Physics, 25240 Erzurum, Tur- conduction is significantly larger in forward bias. The
key. smaller circles indicate conduction centers in reverse bias

Ypresent address: Massachusetts Institute of Technology, Lincoln Laborgp 5t are not prevalent in forward bias. Therefore, only a frac-
tory. . ) ) . ’

9Author to whom correspondence should be addressed; electronic maifion Of _the hillocks appear to be amphoteric.

aabaski@vcu.edu Using C—AFM, localized —V spectra were taken from

0003-6951/2004/84(21)/4150/3/$22.00 4150 © 2004 American Institute of Physics
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FIG. 2. (a) Local I-V spectra taken using C—AFM on sample A for curve 1
on a hillock and curve 2 off a hillock. The spectra were acquired using a
current amplifier which limits the maximum current to 100 pA, and with
negative voltages corresponding to reverse bias conditidmsFitting of
current conduction mechanisms to the forward bias data of curves 1 and 2,
where FE=field emission and FRFrenkel-Poole.

Forward (5 V) In addition to layers grown on HVPE templates, we have

6. 1 AFM and CoARM | f | _ " also examined MBE samples grown directly on sapphire.
dopéd.field ef?(:ct transistorlrr;?rﬁljec?u?e Sgarlgnvs’/)ne&, ;vI-IK/PE ?enTr?KiiL)le%tlon Figure 3 shows C_A.FM results for sa_mple[Blgs. 3a)-
X5 um? image of topography Xz=25nm) and(b), (c) simultaneous 3(c)] and sample GFigs. 3d)-3(f)], which were found to
C—AFM current images for reverse and forward biasz €200 pA), re-  produce higher and lower quality standard Schottky contacts,
spectively.(d) 2x 2 um? topography ande), () simultaneous C—AFM for  respectively. The topography of sample B shows a high den-
reverse and forward biasAg=10 pA), respectively. White/black circles sity of islands having a uniform size o£150 nm. The
indicate current leakage centers. . - .

C—AFM current images indicate only a few isolated leakage

paths at a reverse bias of 12 V. Under forward bias condi-
regions located both on and off the hillocks, as seen in Figtions, we observed enhanced current along the perimeters of
2(a). Curve 1 on a hillock shows detectable leakage in reislands and found that conducting areas increased in area
verse bias at-9 V, whereas region 2 off a hillock shows no with increasing voltage. Figure(§ shows significant con-
measurable leakage. The forward turn-on voltage is also seefuction at 4 V bias, where small black regions indicate non-
to shift down to~3 V on a hillock versus~8 V in defect-  conducting regions at the centers of islands. The topography
free regions. These turn-on voltages have some variatioof sample C is significantly rougher and shows a high den-
across the sample, e.g., FiglclLindicates that defect-free sity of leakage centers at only 4 V reverse bias, where such
areas become conductive at voltages slightly higher than 9 \leakage does not strongly correlate with sample topography.
Note that the relatively high turn-on voltages observed forin forward bias, a comparable density of conductive regions
C-AFM indicate a significant voltage drop outside the tip-occurs. Sample C therefore demonstrates uniform current
semiconductor junction. The observed shifts in forward andconduction at localized areas for both biases, whereas sample
reverse bias for current conduction on the hillock indicate theB displays few leakage centers at reverse bias and significant
possibility of charge trapping effects. Subsequen¥ spec- current conduction at increased forward bias.
tra at the same location show a significant decrease in current To correlate the local conduction behavior observed by
after three to five scans, also indicating such charging effectC—AFM with macroscopic behavior, Schottky contaetV
Fitting of the observed forward current data to various curcharacteristics were also examined. Figure 4 shows-thé
rent conduction mechanisms, as shown in Fify), Andicates  curves of samples B and C, where sample B is higher quality
that current conduction is consistent with Frenkel—Poole inwith better rectifying behavior and lower leakage current.
the defective hillock region, and field emission current awayThe C—AFM data are consistent with thebeV curves,
from the defectl —V data obtained from macroscogistan-  showing qualitatively different images in forward and re-
dard Schottky contacts indicate that thermionic field emis-verse bias for sample B, and similar images at opposite bias
sion is the primary mechanism at higher current levels irfor sample C. Our fitting of thé—V data for sample B indi-
forward bias. cates a field emission mechanism at iow forward Qg
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FIG. 4. 1-V spectra taken on samples B and C usingitbdiameter, Ni/Au

Schottky contacts. Sample B indicates a field emission or thermionic field

emission mechanism for forward bias, and a hopping mechanism at reverse

bias. Sample C is best fit using a Frenkel—-Poole mechanism for both reverse
and forward bias.

posed to field emission on nondefective regions. For the
films grown directly on sapphire, C—AFM data do not show
a straightforward correlation between topography and cur-
rent conduction. It is found, however, that more rectifying
Schottky behavior with small reverse current is correlated
with significant asymmetry in forward and reverse bias
C—-AFM images.

This research was funded by grants from the National
Science FoundatiofDr. V. Hess and Air Force Office of
Scientific ResearckDr. G. L. Witt).
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