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Optical characterization of AIN /GaN heterostructures
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AIN/GaN/sapphire heterostructures with AIN gate film thickness of 3—35 nm are characterized
using photoreflectivity PR) and photoluminescend®Ll) spectroscopy. Under a critical AIN film
thickness, the luminescence from the GaN channel layer near the interface proves to be excitonic.
No luminescence related to the recombination of the two-dimensional electrof2D&sS) is
observed, in spite of high 2DEG parameters indicated by Hall-effect measurements. The increase of
the AIN gate film thickness beyond a critical value leads to a sharp decrease in exciton resonance
in PR and PL spectra as well as to the emergence of a PL band in the 3.40-3.45 eV spectral range.
These findings are explained taking into account the formation of defects in the GaN channel layer
as a result of strain-induced AIN film cracking. A model of electronic transitions responsible for the
emission band involved is proposed. ZD03 American Institute of Physics.
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INTRODUCTION fields in AIN/GaN structures, the 2DEG density in this case
is several times higher compared to that in AlIGaN/GaN
Electronic devices based on llI-V nitride materials haveneterostructure®?
rece'ntly'showgn great promise for high-frquency/high—power While the role of the 2DEG channel in the transport
applications.~ _F_or the most part, these devices are based OBroperties of AkGa, xN/GaN heterostructures is well un-
low Al—composmon, AlGaN/GaN heterostr_uctL_Jre f|eld-ef_fect derstood, the data related to the radiative recombination of
transistors(FET9. However, the gate barrier in the devices DEG in these structures are scarce and contraditwty.

involved is based on Schottky contacts which have not yel ~.~~ . .
proven to be stable at high temperatures. In contrast, metal—hIS IS N .contrast W't_h AlGay xAs/GaAs hetergstrgctures
insulator—semiconductofMIS)-based FETs can use high- where optical properties related to the recombination of the

temperature stable insulators at the interface. The use of #PEC are well documented=*“The respective differences
insulator at the gate can reduce gate leakage current in Retween AlGa,_xAs/GaAs and AlGa _xN/GaN hetero-
device leading to improved low noise performance. In addistructures can be attributed to the very strong piezoelectric
tion, a thin insulator, by placing the gate much closer to thepolarization in the AIGaN layer on GaR™® that leads to
two-dimensional electron ga@DEG) channel, can help to rapid diffusion of photoexcited holes into the flatband region
improve the intrinsic transconductance of the device. AIN,of GaN in AlyGa _xN/GaN heterostructures. Therefore, the
with its relatively high dielectric constar(®.5 and wide probability of recombination between the 2DEG and photo-
band gap6.2 eV), has the potential to be an excellent choiceexcited holes is much lower in AGa,_yN/GaN heterostruc-
for the gate dielectric in GaN based MISFET _devi_éés. tures than in AlGa, yAs/GaAs ones. The higher the Al
However, from the growth standpoint, it is difficult to ¢ontent, the stronger the piezoelectric field, thus reducing the
grow high-quality AlGaN layers with high Al content. The chance to observe radiative recombination of the 2DEG. On
problems of lattice mismatcf2.47% for AN on GaN, pre- 4 other hand, the higher the Al content, the larger the lattice

reactlor_1$ be_tween trimethylaluminum and ammonia, aN%arameter and thermal expansion coefficient mismatches be-
three-dimentional growth must be overcome for eI"fectlve,[Ween AlGaN and GaN. Hence. the probability of defect for-
high-quality AIN/GaN-based MISFET devicé$As a result, : , the p y

the number of reports on transport properties Ofmatlon at the AlGa, _xN/GaN interface increases with Al

Al Ga,_ «N/GaN structures with>0.5 is very limited'~’ content and, consequently, recombination mechanisms alter-

Nevertheless, the recently achieved values of roomnative to the 2DEG recombination are expected.

temperature electron mobility~(900 cn?/V's) in AIN/GaN No data are reported to date on radiative recombination
heterostructurésare very close to the typ|Ca| values in mechanisms at an AIN/GaN interface. The goal of this work

AlGaN/GaN structures (1000—1600 & s). At the same IS to make use of optical methods such as photoreflectivity
time, due to the much larger polarization induced electric(PR) and photoluminescend®L) for the characterization of
AIN/GaN interfaces in an attempt to shed light upon the

dAuthor to whom correspondence should be addressed; electronic mair."idl‘ﬂjlt've recombmatlon channels in Xgal*XN/GaN het-
tiginyanu@mail.md erostructures at high Al content.
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EXPERIMENTAL DETAILS 32 T T v T

The GaN and AIN layers were grown at the University I (@)
of Michigan by low-pressurg60—-110 Torf metalorganic
chemical vapor deposition ocrplane (0001) sapphire sub-
strates. Standard precursors of trimethylgallium, trimethyla-
luminum, and ammonia were used as alkyl and hydride
sources. The alkyl and hydride sources were kept separately
until just before the quartz reactor. The carrier gas was Pd-
cell purified hydrogen (k). Heating was accomplished by rf
induction of the graphite susceptor. All valves and manifolds
switching was done by using computer control.

The sapphire substrates were initially cleaned in TCE,
ACE, IPA, and HSO,/H3;PO,. After a high-temperature . L 4 L
(1200 °C) cleaning in K, the growth temperature was low- (b)
ered to 500°C. Nitridation was performed and then a
~20-nm-thick GaN nucleation layer was grown. After ramp-
ing the temperature to 1100°C, a 1:@n unintentionally
doped GaN channel layer was grown. The AIN films were
grown with thickness ranging from 3 to 35 nm.

The quality of the GaN layer and the presence of AIN
thin film were confirmed using a high-resolution x-ray dif-
fractometer(XRD). The XRD scans have shown distinct
(0002 GaN and AIN peaks. The full width at half maximum
of the GaN peak was-120 arc sec, indicating good quality
of the GaN channel layer. An average 4% residual Ga con- 0 ] .
centration was measured in AIN films using a VG Scientific 347 348 349 350 3.51
ESCA Lab Il x-ray photoelectron spectrosco¥PS) sys-
tem. This was the result of Ga diffusion into the AIN layer,
leading to a less sharp interface. However, by changing theIG. 1. Reflectivity(a) and PL(b) spectra of GaN channel layer measured at
growth conditions, it was possible to reduce the Ga diffusionto K-
and improve the interfack.

The AIN/GaN heterostructures involved were previously
characterized by Hall-effect measurements, atomic force miSiOﬂ. This luminescence is at least three orders of magnitude
croscopy (AFM), and cathodoluminescence (CL) more intensive than 3.29 eV and yellow luminescence. The
microanalysi¢’ The 2DEG Hall mobility was found to de- Position of theD®X (3.481 eVj, X3™* (3.487 eV and X~ *
crease with increasing AIN film thickness. This decreasd3.495 eV} peaks in the luminescence spectrum is shifted by
proved to correlate with the increase of the red-yellow CL~10 meV towards high energies in comparison with the po-
intensity. sition of respective excitons in nonstressed GaN laers.

The PR was measured using the light from a halogedhis means that considerable strain remains in the GaN
lamp. The reflected white light from the sample was anachannel layer due to the mismatches between the layer and
lyzed through a double spectrometer with 1200 lines/mnsapphire substrate. Strains of 0.5 GPa are estimated using the
gratings assuring a linear dispersion of 0.8 nm/mm. The sigPreviously reported rates of the exciton line shifts with the
nal from a FEU-106 photomultiplier with SbKNaCs photo- biaxial stress in GaN layers.
cathode working in a photon counting mode was connected The exciton resonance amplitude starts to decrease when
to an IBM computer via IEEE-488 interface. The PL wasincreasing the AIN gate film thickness up to 12 nm. The
excited by the 334 nm line of an ArSpectraPhysics laser €xcitonic features disappear completely in the reflectivity
and analyzed with the same experimental setup. The resol§pectrum of the GaN layer if the AIN film is as thick as 30
tion was better than 0.5 meV in both PR and PL experimentsdm (Fig. 2). Analogous changes are realized in the PL spec-
The samples were mounted on the cold station of a LTS-22tra of GaN layers in relation to the thickness of the top AIN
C-330 workhorse-type optical cryogenic system. film (Fig. 3). The intensity of the exciton luminescence peaks
decreases sharply at AIN film thickness more than 12 nm. At
the same time, a new luminescence band at 3.40-3.45 eV
emerges. The 3.40-3.45 eV PL band is one of the commonly

Figure 1 illustrates typical PR and PL spectra of GaNoccurring bands in AlGa; _yN/GaN heterostructur@s'tand
channel layers. The reflectivity spectrum consists of two maGaN layers®=38 In Al,Ga _xN/GaN heterostructures this
jor features related to th¥2~* and X§~' exciton ground band is believed to be related to the recombination of the
states as well as a weak feature associated withx{h¢  2DEG with photoexcited holes. Different recombination
excited state. The luminescence spectrum is predominated lmphannels have been considered as the origin of this band in
the DX bound excitort® Xi~! and X3~* excitonic emis-  GaN layers{i) recombination of excitons bound to structural

Photoreflectivity (%)

PL intensity (cps x10%

{n=1)
XB

Photon energy (eV)
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! T T range in our AIN/GaN heterostructures is doubtful to come
30 from the recombination of the 2DEG. Apart from that, no
features characteristic of the radiative recombination of the
28 2DEG were observed in the luminescence spectra at under-
;\? critical AIN layer thickness. At the same time, electrical
5 267 characteristics point out to electron confinement effects. The
S room-temperature electron mobility reaches values over
5 24 500 cnt/V's at undercritical AIN film thickness, while the
2 - bulk GaN mobility for our samples is-80 cnf/Vs. The
e 22 existence of the 2DEG near the AIN/GaN interface is also

clearly indicated by the temperature dependence of electrical
20} - characteristics. For instance, the sample with 5 nm AIN film
N— S SR WP thickness shows mobility saturation at a value over
347 348 349 350 351 3000 cni/V's at low temperatures.
Photon energy (eV) Previously, the effect of the sharp mobility decrease in
AIN/GaN structures was realized at AIN barrier thickness
FIG. 2. The reflectivity spectrum of GaN channel layer measured at 10 Kiarger than 5 nni® AEM study undertaken in these AIN/GaN
for different values of the AIN gate film thickness, nm: 1-5; 2-12; 3-15; ) . e .
4-30. structures allows for identification of one of the factors caus-
ing sharp mobility decrease in specimens with thick AIN
films. In structures withd,>5 nm, lines corresponding to

defects or to stacking faulf8-28 (i) recombination between €racks in the AN film were found to appear along different
electrons bound to a donor and free hdi&<5 (i) donor  crystallographic planes, pointing out the beginning of the
acceptor paifDAP)-type transitions involving a very shal- tensile strain relaxation process in the AN film. Gradual re-
low acceptor®~*Taking this into account, it is reasonable to laxation processes in GaN-AIN-GaN structures were shown
assume that the origin of luminescence in the 3.40—3.45 e{ Start at the AIN film thickness of 3 nf The thickness of
spectral range is different for different samples, depending dislocation free layer in GahIN , superlattice¢SLs) was
on the material processing. estimated as 2.5 nmlL <3.7 nnf! which is in good agree-
The decrease and the disappearance of exciton featur8ent with experimental data. It was also shown that the re-
in the PR and PL spectra of GaN layers is indicative oflaxation in GaN—AIN SLs fully develops when the layer
serious damages induced by the AIN film at the AIN/GaNthickness approaches 10 rf.
interface. These findings correlate with the decrease in the ~The earlier results indicate that in our samples the relax-
2DEG Hall mobility observed in the structures with AIN film ation processes start at AIN gate thickness around 12 nm, and
thicker than 12 nn’ In light of these observations we be- fully develop at 30 nm thickness. According to AFM data,
lieve that the luminescence in the 3.40-3.45 eV spectrdhe root-mean-square roughness for the 5- and 15-nm-thick
films is 0.25 and 0.57 nm, respectively. The 15-nm-thick film
exhibits defects of 100—200 nm in size. The different values
— T of the critical AIN thickness in our experiments and studies
carried out earliéf** may be explained by 4% residual Ga
concentration in our AIN films as evidenced by XP'S0b-
viously, the critical film thickness increases with the Ga con-
tent increase. Substantially larger critical thickness was
achieved in GaN-AlGa; _«N superlattice$? The higher the
Ga content in AlGa N barriers, the higher the critical
thickness beyond which the barriers relax via crack
channeld? Partial relaxation of the AlGaN layers accompa-
nied by deterioration of the transport properties in AlGaN/
GaN structures was observed when thg ABa ,d\ film
thickness exceeded 60 rfthOne should mention, in this
regard, that practically in all cases when the observation of
the luminescence related to the 2DEG was claimed, the
AlyGa, _xN film thickness was near-critical or
overcritical®~*! Therefore, the defect nature of the lumines-
cence should not be excluded from consideration.
Obviously, cracking of the AIN film initiates the forma-
3.;36 * 3.:‘0 * 3_:14 3.:48 tion of different structural gnq point defects i_n the GaN layer.
Photo‘n energy (eV) The temperature and excitation power density dependence of
the luminescence was analyzed for the purpose of getting
FIG. 3. PL spectra taken from GaN layers covered by AIN gate film with the@dditional information about the nature of PL band in the
thickness, nm: 1-5; 2-12; 3-15; 4-30=10 K. 3.40-3.45 eV spectral range. Figure 4 compares the PL spec-

PL intensity (rel. units)
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FIG. 4. PL spectra of GaN layers covered by 1& and 30-nm+b) thick FIG. 5. PL spectra of GaN layers covered by 1&-and 30-nm-(b) thick

AIN film. T=10 K. The excitation power density, W/éml-1; 2-5; 3-25.  AIN film measured at different temperatures under the excitation power

The spectra are normalized to the intensity of the low energy PL band.  density of 5 W/cri. The spectra are normalized to the intensity of the ex-
citonic luminescence.

tra taken with different excitation power densities from the ecompinatior?®38 Apart from that, in the case of band-to-
GaN layer for 1@ and 30 nm(b) AIN film thickness. The  impurity transitions the intensity ofX°,h) luminescence in-
spectra are normalized to the intensity of the low energy Plereases with the excitation power density slightly superlin-
band for convenience. The PL spectra measured on the samgyly and faster than the intensity of excitonic
samples at different temperatures and normalized to the iNgminescencd! As one can see from Fig. 7, in our samples
tensity of the excitonic luminescence are shown in Fig. 5.

The analysis of the PL spectra in Figs. 4 and 5 indicates that

the PL band at 3.40-3.45 eV is not elementary and the po- 343 T T
sition of the maximum is different for samples with 15 nm I E
and 30 nm AIN film thickness.

The energy position of the band involved shifts to higher
energies with increasing the incident excitation power den-
sity (Figs. 4 and & This is consistent with the saturation of
distant DAPs under increasing excitation level. This behavior
is opposite to that observed previously for the PL band lo-
cated at 3.40—3.42 eV and associated with excitons bound to
structural defect&?-? It is also different from that inherent
to band-to-impurity D°,h) transitions>>3!Indeed, there is a
possibility for shifting of the band-to-impurity transitions to- E
wards high energies with increasing excitation power den- 3.39°
sity, as a result of band filling. In such a case, however, the . 2
measured shift is about 5 meV for three orders of magnitude Exc. power density (W/cm’)

Va_rlatlon of the e)_(Cltatlon pO_WG_r densft’y.We O_bs_erve 2 FiG.6. The spectral peak position of the DAP emission as a function of the
shift of 15 meV with the excitation density variation by a excitation power density for GaN layer covered by AN film of 15 nm
factor of 100 (Fig. 6) which is consistent with DAP (circles and 30 nm thicknesgsquares T=10 K.
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FIG. 7. Thz integr‘atef\d PL inter;sitie; for ;mﬁx (fU|,| S¥mb°'9 anc:j D”}P FIG. 8. The temperature dependence of the energy separation between the
(i)pen symbolsemissions as a function of the excitation power dendity. D°X and DAP emission peakdE, in GaN layer covered by AIN film of 15
=10K. (circles and 30 nm(squarepthickness.

the excitonic luminescence increases nearly linearly with exduced photoexcited hole diffusion is a major problem. Even
citation power density, while the dependence of DAP lumi-at Al content as low as 22% the incorporation of an addi-
nescence is sublinear, exhibiting a tendency to saturation. Ational AlGaN layer was necessary to increase the 2DEG
these features are indicative of the DAP origin of the in-luminescencé.In spite of this, the 2DEG peak in Ref. 9 is
volved PL band in our samples. several orders of magnitude weaker than the corresponding
However, in our experiments the temperature depenPL band in Ref. 11 where no care was taken to suppress the
dence of luminescence is unexpected for both band-tohole diffusion. Therefore, the previously reported data on
impurity and DAP transitions. The luminescence line shoul2DEG Iluminescence in AGa _yxN/GaN heterostructures
move towards the band edge with increasing temperature iare contradictory and the contribution of the recombination
both cases!®® the rate of approach being roughly related to defects cannot be excluded.
kT/2—2kT, depending upon the nature of transition. In con-  The experimental data described earlier suggest a model
trast to this, with increasing temperature the intensity of PLfor the broad emission at 3.40-3.45 eV in AIN/GaN hetero-
in our samples sharply decreagesich faster than the inten- structures that is based on carrier recombination between a
sity of the excitonic luminescentcand the maximum shifts band of shallow donors and a shallow acceptor. Shallow re-
to lower energiegsee Fig. 5. A possible explanation of this sidual impurities like Mg, Be, H/**or Vg impurity com-
contradiction is the nonelementary character of the PL banglex may play the role of acceptor. As concerns the donor
involved. Obviously, different donor and acceptor-like nativeband, it can be caused by different defect complexes involv-
defects, or residual impurity-native defect complexes may béng the nitrogen vacancy:*® The stronger the damages in
created in the GaN layer as a result of AIN film cracking. the GaN layer, the broader the donor energy band, it spread-
Let us now compare our data with those reported oring out closer to the conduction baf@B). This explains the
radiative recombination of the 2DEG! A blueshift of the  PL band shift to high energies in samples with 30 nm AIN
2DEG peak is also expected with increasing excitatiorfilm in comparison with samples with 15 nm AIN film. It is
power density since the enhanced concentration of exceske luminescence related to the transitions from energy levels
carriers results in reduced bending of the conduction band aftuated closer to the CB that is first thermally quenched with
the heterointerface due to increased screening. However, famcreasing temperaturesee Fig. 5. As a result the energy
Al content in AkGa,_yN/GaN heterostructures less than separation between tH2°X and DAP emission peakdE,
30%, the blueshift of the 2DEG peak with increasing excita-initially increases with temperatursee Fig. 8, in contrast
tion power density is either not obserfant is insignificant  with the expected behavior. The disappearance of the high-
(a few milli-electron-volts per two orders of magnitude energy wing in the PL spectrum at low temperatures suggests
change in the excitation power densify'® Taking into ac- a very close approach of the donor energy band to the CB. If
count the near-critical or overcritical AlGaN film thickness in one assumes that the upper limit of the PL band position
the papers under consideration, it is not easy to distinguisfabout 3.443 eV as deduced from Figs. 4 anésSue to the
between the 2DEG and band-to-impurity recombination.  transitions from the donor energy levels situated close to the
The only significant blue shift of the PL band with in- CB and taking the band gap value of 3.503 eV, one can
creasing excitation power density, supposed to be due to thestimate the acceptor level to be situated about 60 meV
2DEG, was recently reported in MGasN/GaN  above the valence band. This value is expected for the
heterostructureX: The PL spectra presented in Ref. 11 arehydrogen-like acceptors in Gali** Unfortunately, it is dif-
very similar to our spectra. As mentioned earlier, in Al-rich ficult at this stage to establish reliably the nature of the de-
AlyGa, _yN/GaN heterostructures the piezoelectric field in-fects involved. Additional investigations using complemen-
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