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We have achieved spatially resolved photoluminescence from GaN films using a near-field scanning
optical microscope~NSOM!. GaN films grown by hydride vapor phase epitaxy~HVPE! and
metal-organic vapor phase epitaxy~MOVPE! on sapphire substrates have been studied. We have
performed spatial scans of topography, band edge, and yellow luminescence signals. Atomic force
microscopy measurements were also made and compared with the NSOM topography. We have
found spatial variations in photoluminescence characteristics at the submicron scale for both HVPE
and MOVPE GaN. The observed enhancement of yellow luminescence at multiatomic step edges on
the HVPE GaN surface suggests that the yellow luminescence is associated with chemical
impurities incorporated during the growth of GaN films. ©1996 American Institute of Physics.
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The successful development of short wavelength lig
emitting diodes and the most recent realization of nitrid
semiconductor lasers have stimulated great interests in
applications of this material for blue and ultraviolet optoele
tronic devices.2 Epitaxial films grown by chemical vapor
deposition or molecular beam epitaxy on conventional su
strates, such as Al2O3 or SiC, contain a high density of dis-
locations, on the order of 108–1010 cm22.3 The extended
and point defects in GaN films may greatly impact the pe
formance of many devices. For example, the microsco
inhomogeneity could limit the achievable gain of laser stru
tures. Recently, there have been several reports on the s
ies of microscopic properties of the GaN materials at diffe
ent spatial scales.4–6 In this letter, we report the high spatia
resolution photoluminescence~PL! measurements of GaN
films by near-field scanning optical microscopy~NSOM!.7

We have performed spatially resolved studies of band ed
PL ~BL! as well as yellow luminescence~YL !. Yellow lumi-
nescence is frequency found in GaN materials and has b
attributed to both chemical and physical defects.8–11 This
optical information is correlated with the detailed morpho
logical features obtained simultaneously by NSOM, as w
as atomic force microscopy~AFM! measurements. Second
ary ion mass spectroscopy~SIMS! measurements were also
performed to determine the concentrations of chemical i
purities in the GaN films.

The NSOM is a home built system with a commerci
electronic control unit.12 All the experiments were performed
in illumination mode, where the probe served as an exci
tion source. The He–Ne laser light, used for the standa
shear force scanning distance regulation.13 A parabolic re-
flector is used which has been specifically designed to coll
the optical signals with optimum efficiency. The NSOM
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probes used in this study were pulled from UV grade sin
mode optical fibers using a modified commercial fib
puller14 and the tips were coated with aluminum. The t
radius and aperture size were determined by low volta
scanning electron microscopy on probes fabricated un
similar processing conditions to be;0.25mm and;70 nm,
respectively. A He–Cd laser, with 325 nm emission wav
length, was used as the excitation source. All experiment
this study were performed at room temperature. Broad a
conventional PL measurements on both hydride vapor ph
epitaxy ~HVPE! and metal-organic vapor phase epitax
~MOVPE! samples showed the presence of YL under lo
excitation power densities. The NSOM-based PL measu
ments were carried out at a specific position on the sampl
a function of wavelength or through spatial scans with fix
collection wavelength. In the latter case, the collection wa
length was set at either the peak of the BL~365 nm for
HVPE GaN or 364 nm for MOVPE GaN! or the center of
YL band ~580 nm for HVPE GaN or 540 nm for MOVPE
GaN!. The spectrometer resolution was set to a wavelen
resolution of 3 nm. The BL emission from these samp
possessed a full width at half-maximum~FWHM! of ;8 nm
while the YL band was much broader. The full PL spectru
was obtained at multiple points over the surface. No shift
these peak positions or FWHM values was observed over
measurement area. The contrast in NSOM-based PL ima
is therefore due only to intensity variation in each of the tw
PL bands and not due to local peak shifts in the PL spectru

GaN samples grown on the~0001! plane of sapphire by
HVPE15 and MOVPE16 were studied. The HVPE growth rat
was;1.5 mm per minute and the GaN film thickness wa
;180 mm. The nonintentionally doped HVPE GaN samp
wasn type withn;1018–1019 cm23. The MOVPE samples
were grown using trimethyl aluminum, trimethyl gallium
and ammonia as precursors, and hydrogen as the carrier
SiH4 ~1 ppm in H2) was used as an intentionaln-type dopant
3519)/3519/3/$10.00 © 1996 American Institute of Physics
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source. A thin~15 nm! AlN buffer layer was initially grown
on the sapphire substrate at 550 °C. The temperature
then increased to 1100 °C for growth of a nominally 3-mm-
thick GaN layer. There were three Si doped samples and
nominally undoped sample. Electron concentration of
four samples were,131017 ~not measurable!, 2.6
31017, 2.731018, and 7.031018 cm23, determined by
Hall measurements.

The concentrations of chemical impurities in the HVP
GaN were determined by secondary ion mass spectrosc
~SIMS!. The average concentrations within the analy
depth ~;3 mm! for Si and O were 131018 and 4
31020 cm23, respectively. C was found to be below th
detection limit (,631016 cm23). The origins of these
chemical impurities are presently unknown.

The topographic, BL and YL images collected over t
same scan area on the HVPE sample are shown in Fig
The AFM measurements were also performed and compa
with the topography obtained by NSOM. Large terrac
bounded by steps, several unit cells high, dominate the m
phology. Both NSOM and AFM measurements yield an a
erage step height of 3 nm. The average terrace width is
nm. The variation of BL at the submicron spatial scale
clearly observed with no correlation to the surface morph
ogy. On the other hand, the YL and topographic signals
strongly correlated. The YL is clearly seen to be enhance
the multiatomic step edges. The smallest feature observe
the YL image is;170 nm.

The NSOM measurements revealed the existence of
homogeneities in optical properties on a finer scale than p
viously reported.5 Spectral characteristic variations, i.e., di
ferent spatial distributions of BL and YL signals, we
clearly observed with high spatial resolution. Changes in
ther surface recombination velocity or the local defect
impurity levels could be possible sources of the observ
submicron scale spatial variations of BL and YL intensitie
The lateral extent of the probed volume in the NSOM-bas
PL experiment is determined by the probe size, surface
combination velocity, and the diffusion of photogenerat
carriers in the semiconductor material.17 This lateral resolu-
tion, estimated from the PL images, is better than;200 nm.

Both the YL and BL will be affected by the loca
changes in the surface recombination through the densit
local changes in the minority carrier concentration as well
by their relative radiative and nonradiative transition rat
The YL is derived from transitions involving spatially loca
ized deep level defects.18,19 Depending on the relative con
centration of the deep levels responsible for the YL and
capture and recombination rates, a wide range of coup
between the BL and YL could be expected. Even though
and YL are composed of competing and coupled radiat
recombination mechanisms, the spatial distributions of th
two PL bands are not correlated in the present study. T
coupling of the radiative and nonradiative transitions at
surface, as well as in the bulk, is not apparent. This may
attributed to a variation of combined influences, such as
YL-related defect concentration or a large disparity in t
radiative lifetimes associated with BL and YL.

We have observed the enhancement of YL intensity
multiatomic step edges on HVPE GaN surface. BL intens
3520 Appl. Phys. Lett., Vol. 69, No. 23, 2 December 1996
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on the other hand, is not correlated with the step structur
This fact strongly suggests that a higher density of deep l
minescence centers near step edges within the NSOM sa
pling volume, instead of a local change in surface recomb
nation velocity, is the source of YL variation in HVPE GaN.
The deep defects responsible for YL in GaN material hav
been suggested to be chemical impurities8–10 or native
defects.10 In many growth systems, step edges serve as acti
sites for impurity incorporation.20 The probability of foreign
atoms being incorporated into the crystal is higher at th
strongly stepped riser~step edge! portion of the terrace than
on the smooth terrace tread. Impurities can be trapped a
incorporated in the terrace riser traces in the layer as t
terraces migrate from the substrate to the surface in certa
growth modes.21 Si and O are found by SIMS measurement
to be present in the HVPE GaN sample at concentrations
;1018 and;1020 cm23, respectively. The enhancement o
YL at step edges in HVPE GaN could be related to the e
hanced incorporation of these chemical impurities at or ne
multiatomic step edges often seen in a variety of growt
systems.

FIG. 1. Topographic~a!, yellow luminescence~b!, and band edge lumines-
cence~c! images of HVPE GaN collected over the same scan area~2.6
mm32.6 mm!. The total variations of the YL and BL are 1% and 5%,
respectively. A strong correlation exists between the large terrace struct
and YL spatial distribution, i.e., YL is enhanced at the multiatomic ste
edges.
Liu et al.
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We have also performed NSOM scans on the MOV
GaN samples and found much different surface morphol
than the HVPE sample. The topographic, YL and BL imag
collected over the same scan area on the Si-doped MO
sample (7.031018 cm23) are shown in Fig. 2. These image
were analyzed to determine the lateral correlation length
root mean square~rms! roughness which characterize the
surfaces. The lateral correlation length is a quantitative m
sure of the smallest feature size on an image.22 The calcu-
lated lateral correlation lengths, included in the figure c

FIG. 2. Topographic~a!, yellow luminescence~b!, and band edge lumines
cence ~c!, images of the Si-doped MOVPE GaN sample (7
31018 cm23) collected over the same scan area~5.2 mm35.2 mm!. The
total variations of the YL and BL are 3% and 1%, respectively. No cor
lation is observed between these signals. Terraces and steps are
smaller on MOVPE GaN than HVPE GaN. Submicron scale variations
band edge and YL intensities are indicated by the quantitative lateral c
lation length analysis, i.e., the lateral correlation lengths for the YL and
images are 0.27 and 0.42mm, respectively.
Appl. Phys. Lett., Vol. 69, No. 23, 2 December 1996
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tion, indicate submicron variations of the optical signals. O
MOVPE GaN, the terraces are much narrower than the o
on HVPE GaN. We have performed NSOM measureme
on all four MOVPE samples with submicron scale spati
variations in BL and YL intensities clearly observed. How
ever, the correlation between YL spatial distribution wit
step morphology could not be investigated in detail due
the high step density and the NSOM resolution limits.

In conclusion, we have studied the photoluminescen
from HVPE and MOVPE GaN films with very high spatia
resolution. The variations of photoluminescence characte
tics at submicron spatial scale are clearly observed. The
amination of the detailed correlation between morpholog
band edge, and YL suggests that YL in HVPE GaN could
associated with defects, most probably chemical impuritie
incorporated at step edges of both atomic and multiatom
steps.
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