Scanning tunneling microscopy and tunneling luminescence of the surface
of GaN films grown by vapor phase epitaxy
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We report scanning tunneling microscog$TM) images of surfaces of GaN fiims and the
observation of luminescence from those films induced by highly spatially localized injection of
electrons or holes using STM. This combination of scanning tunneling luminescence with STM for
GaN surfaces and the ability to observe both morphology and luminescence in GaN is the first step
to investigate possible correlations between surface morphology and optical properti¢9960
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Gallium nitride (GaN ) is of great interest because of its 1x 10 % Torr. STM/STL tips are made from 0.25 mm di-
potential as a material for the development of light-emittingameter tungsten wire by means of electrochemical etching.
devices in the blue and ultraviolet spectral regiohExten-  In STL, the tip is used as a highly localized source of elec-
sive investigations have been done on GaN from differentrons or holes to induce luminescence in the material. The
perspectives, most of which have been focused on the expl@mitted photons are collected by a lens mounted on the mi-
ration of appropriate substrates and growth conditiongroscope base, positioned at 60° with respect to the sample
needed to yield materials suitable for electroluminescent desurface normal, with a solid angle of collection of approxi-
vices. Films of GaN have been grown on various substratemately 1 steradian. The collected light is directed to a lens
by several techniques including molecular beam epitaxyutside the chamber that focuses it onto a cooled GaAs cath-
(MBE),* and different forms of vapor phase epitaxy ode photomultiplier tubéPMT). The spectral range for our
(VPE).>6 collection/detection apparatus is approximately 320 nm— 900

GaN normally crystallizes with the hexagonal wurtzite nm, and~0.8% (at 360 nm of the total emitted light from
structure @-GaN),>’ although it can also be synthesized in the surface can be transmitted to the PMT. Photon counting
the cubic zinc-blende phasg8{GaN). The techniques uti- continues while rastering the tip in a constant-current tunnel-
lized in characterizing GaN include x-ray diffractioh)  ing mode, allowing both topological and position dependent
characteristics, photoluminescence, reflection high-energyiminescence data to be acquired simultaneously, giving the
electron diffraction(RHEED), and Auger electron spectros- capability to correlate luminescence intensity with surface
copy (AES). For both MBE and VPE growth, we still lack an morphology.
understanding of the surface morphology of GaN, especially GaN samples were grown of®001) sapphire in a 60
the initial stage of nucleation and its impact on subsequeninm diameter horizontal hot-wall two-temperature-zone ha-
film growth. Additionally, little is known about the intrinsic |ide vapor phase epitax¢HVPE) reactor’ In the first zone,
properties of GaN surfaces, restricting our ability to controltypically operated around 850 °C, the reaction of MBE-grade
the surface composition and structure during processing. 99.9999% Ga metal with high grade HCI gas in addrrier

Previous studies of GaN surfaces were limited to thegas results in GaCl and ,Hgas reaction products. These
employment of RHEED and AESto evaluate long-range products are transported downstream to the second reaction
order during film growth, and to the study of the effect of zone, where NHiis introduced. The reaction of GaCl with
sputtering/annealing on N depletion. Recently, atomic force\H, produces GaN on the substrate surface, liberating HCI
microscopy(AFM) observations of GaN nucleation layers and H, as reaction by-products. This second zone is usually
and of the influence of open core screw dislocations on thgperated at-1040 °C. Films used for this study were pro-
surface morphology of GaN filfi$iave been reported. How- guced under a total flow of 10 standard liter per minute, of
ever, there have as yet been no reports on the use of scannifgich 880 standard cc per minutsccn) was NH; and 29.4
tunneling microscopySTM) or scanning tunneling lumines- sccm was HCI. The rate of film growth is about Jusn per
cence(STL) measurements for GaN. minute. Following the growth, the sample is slowly with-

In this letter, we report on STM and STL studies of GaN drawn from the hot zone under a Nttmosphere until the
films. Our results demonstrate the use of STM to investigatgample has cooled. The reactor is then purged ungeahd
the surface morphology of GaN. The observed luminescencgye sample is removed for characterization. Epitaxial
establishes the use of STL to probe the local surface optica}.GaN films grown in this manner are naturaifytype, with
properties of GaN. a (000)) orientation. The films have a small azimuthal mo-

STL has recently been proven to be an effective tool insajc spread of- =200 to 450 arcsec. The dislocation den-
probing local optoelectronic properties:'® Our STM and ity js expected to be highThe films have a band gap of
STL experiments were performed in a custom-built STM/3 37 eV, as determined by our separate photoluminescence
STL UHV chambet” with a base pressure of better than measurements. They exhibit a low reactivity to surface con-
tamination or chemical modification, and are stable enough
dElectronic mail: lagally@engr.wisc.edu to be transported from the growth chamber to other chambers
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FIG. 1. Scanning tunneling microsco$TM) images of the surface of > 150
VPE grown GaN0001) films; (a) 1650x1650 A and(b) 270x270 A. The > A
data were taken with the tip biased at 4.8 V with respect to the sample with 172! 100 T. -
a constant tunneling current of 5 nA. g
L !
R : S50
for characterization without the need for extensive surface |
cleaning. X-ray photoelectron spectroscopy studies per- 0 SRR
formed after such transport show monolayer amounts of C 01 2' é "t % ' 6I7 ' g ' 9'10

and O contaminatioff

Figure 1 shows 16501650 A (a) and 270<270 A (b) (b) V.. (V)
STM images of the surface of a nominally20 um thick tp
GaN0003) film. In order to prevent inadvertent modification

_ : : : : FIG. 2. Spatially localized luminescence intensity from @a001. (a).
of the as grown surface, we performed InGsItu cleamng n Cathodoluminescence using field emission from the STM tip. Dependence

the STM chamber, relying on the natural passivity of theg e jyminescent intensity on the emission current. The tip jari from
GaN surface to allow STM imaging. The images in Fig. 1the sample and its potential is —150 V with respect to the sampléb).
were taken at a tip bias voltage of 4.8 V with a tunneling Tunneling mode with hole injection. Dependence of luminescence intensity
current of 10 nA resulting in the injection of holes into the °" the tunneling voltage at a constant tunneling current.

near-surface region. A high bias voltage is needed for imag-

ing because GaN has a fairly wide band gap. At low magnihigher bias voltages. At this stage, we have not yet obtained
fication [Fig. 1(a)], we observe an array of relatively flat atomic resolution, most probably because of the submono-
areas with seemingly random edges. The high-magnificatiotayer of C and O contaminatioti.

image shown in Fig. (b) reveals the roughness of the GaN Luminescence measurements were made in two ways. In
surface at the near-atomic scale. The bright flat areas corréhe cathodoluminescence mode, the tip is retracted- 1o
spond to the topmost GaN layers; they have sizes betweenm above the sample surface and a voltage-d50 V is
~50 and 120 A. The height between two adjacent terraceapplied between tip and sample, producing a beam of elec-
varies between 10 and 20 A, which corresponds to 4—8rons that easily overcomes the tunneling barrier, but never-
atomic layers. We obtain similar images with bias voltages otheless is spatially very localized. In the tunneling mode, the
4.8V, 6.0V, and 9.0 V, although resolution is reduced at theip is in the usual position for topographic measurements,
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~10 A from the surface, the bias voltage is of the order offeatures that are reproducible from one scan to the next, we
several volts, and electrons tunnel either into or out of thesee at this stage no obvious correlation to the morphology
solid. The spatial extent at the point of injection is the sameobserved by the STM. The resolution of STL relative to STM
as in STM. Figure 2 shows the luminescent intensity for ais an open question. Because the mean free path of electrons
GaN film in both cases. Figurd& shows the dependence of and holes before recombination may be large, the spatial
the cathodoluminescent intensity on field emission currenttesolution of STL at first glance is expected to be consider-
The tip is held at a constant distance. Small changes in thably poorer than that of STM. On the other hand, our calcu-
tip-sample voltagéhere 143—151 Ychange the field emis- lations show that a high recombination site density at the
sion current. A linear dependence on beam current is obsurface or at defects may greatly enhance the resolution of
served, as expected. We obtained similar currentthe luminescenc® At this stage we also do not know to
luminescence profiles in different regions of the sample. Wavhat extent the slight surface contamination affects the lu-
have so far not measured the spectral distribution of theninescence. We are continuing to assess these questions.
cathodoluminescence or the tunneling luminescence, but as- In summary, we have succeeded in imaging GaN films
sume that most of the light comes in the baf@4 nm  with STM and detecting its localized luminescence with STL
expected for GaN. for the first time. The step morphology of the surface has
Figure 2Zb) shows the dependence of the luminescenbeen observed. The success of STL experiments on GaN
intensity on the tip voltage in the tunneling mode with the opens up the possibility of studying correlations of surface
sign of the bias corresponding to hole injection. The meamorphology and defect structure with local optical properties
surement is made at fixed lateral position of the tip, but withof GaN.
changing vertical position so as to maintain a constant tun-  This work was supported by ONR, Physics and by NSF
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