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A study of subbands in AlGaN ÕGaN high-electron-mobility transistor
structures using low-temperature photoluminescence spectroscopy
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Al0.15Ga0.85N/GaN high-electron-mobility transistor~HEMT! structures with variousd-doping
concentrations and spacer thicknesses grown on sapphire by metalorganic chemical-vapor
deposition are investigated. The Hall mobility is as high as 1333 cm2/V s at room temperature and
6330 cm2/V s at 77 K. Two-dimensional electron gas~2DEG! phenomena, which have not been
clearly resolved in the literature, are observed by photoluminescence~PL! spectra at low
temperature in this study. The PL spectra peaks of the interband transitions from 2DEG subbands to
the valence band are in the range from 3.486 to 3.312 eV. The effects of the strain caused by
different Al fractions of the top layer, and that of the spacer thickness on the 2DEG phenomena are
discussed. Redshifts due to temperature variations for various HEMT structures are observed in
2DEG subbands and in the band-edge emission, which is believed to be evidence of interband
transitions from 2DEG subbands to valence bands. ©2002 American Institute of Physics.
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The AlGaN/GaN heterostructure has been extensiv
examined due to its attractive two-dimensional electron
~2DEG! characteristics and has been widely employed
fabricating high-voltage and high-power electron
devices.1–3 Unlike that of the AlxGa12xAs/GaAs heterostruc
ture, for a given Al fraction, the piezoelectric effect at t
AlGaN/GaN interface is very strong. As a result, the ba
discontinuity at the AlGaN/GaN interface is much more s
rious than at the AlxGa12xAs/GaAs interface.4 Bergman
published a work on optical properties relating to the reco
bination of the 2DEG subband.5 In recent years, severa
groups have presented the 2DEG photoluminescence~PL!
spectra of AlGaN/GaN heterostructures. A higher Al fracti
(x50.11– 0.26) corresponds to superior 2DE
confinement.6 Double confinement by incorporating a th
Al0.12Ga0.88N in the bottomside of the unintentionally dope
~UID! GaN layer also improves the 2DEG confinemen7

Modifying the nucleation layer by inserting a thin AlN laye
prior to i-GaN growth can improve both the mobility of th
2DEG and the crystal morphology.8 The doping effect on the
2DEG PL spectra for undoped and modulation-dop
Al xGa12xN/GaN heterostructures has also been report9

This letter elucidates the 2DEG subband photoluminesce
spectra and their temperature dependence in detail for v
ous high-electron-mobility transistor~HEMT! structures,
which have not been clearly resolved in the literature.

Al0.15Ga0.85N/GaN HEMTs were grown on a~0001! sap-
phire substrate using low-pressure metalorganic chem

a!Electronic mail: joeyfang.mse85g@nctu.edu.tw
4550003-6951/2002/80(24)/4558/3/$19.00
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vapor deposition~MOCVD! with an EMCORE D75 reactor
Hydrogen was employed as the carrier gas with silane,
methylgallium, trimethylaluminum, and ammonia precu
sors. The HEMT structure consisted of Ohmic, Schott
d-doping electron donating, spacer, channel, and nuclea
layers, and a sapphire substrate. All of the samples stu
included a nucleation layer grown to around 400 Å at 500
and a 2-mm-thick undoped GaN layer grown at 1040 °C
Table I details each layer of the various samples used in
study. The Hall effect was measured using a Bio-Rad 5901
to determine the Hall mobility (mH) at room temperature
~300 K! and at 77 K. The PL spectra at various temperatu
were obtained by 325 nm~3.815 eV! He–Cd laser excitation
the photon energy of which was sufficiently high to pump
the AlxGa12xN layers in the structures studied in this lette

The Hall measurements in Table I reveals that samp
~a!, ~b!, and~c! show high mobility at room temperature an
at 77 K but sample~d! exhibits very low mobility. This result
suggests that the enhanced 2DEG phenomena exis
samples~a!, ~b!, and~c! but not in~d!. Figure 1 shows the PL
spectra of all samples measured at 10 K. Note that so
peaks are present belowD0X(3.486 eV) for all samples, bu
samples~a!, ~b!, and ~c! seem to show more peaks tha
sample~d!. We propose that these extra peaks are relate
2DEG subband emission. Sample~d! has a low Hall mobility
~546 cm2/V s! and does not exhibit 2DEG subband emissio
perhaps due to the thin barrier layer causing a Coulom
interaction between the dopant and carriers. Sample~a!, with
Hall mobilities of 1221 and 5613 cm2/V s at 300 and 77 K,
respectively, exhibits weak 2DEG subband emission a
strong Al0.06Ga0.94N/Al0.20Ga0.80N PL emission~;3.60 eV!,
8 © 2002 American Institute of Physics
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TABLE I. Sample structures and Hall mobilities.

Structure\sample~No!. ~a! ~b! ~c! ~d!

Ohmic layer/Schottky layer
/d-doping/spacer

300/200/30/60
~Å!

100/100/30/60
~Å!

100/100/30/60
~Å!

100/100/60/30
~Å!

Ohmic layer thickness
Al0.06Ga0.94N

300
~Å!

100
~Å!

100
~Å!

100
~Å!

Schottky layer thickness 200~Å! 100 ~Å! 100 ~Å! 100 ~Å!
Al xGa12xN x50.15 x50.15 x50.2 x50.2

d-doping thickness 30~Å! 30 ~Å! 30 ~Å! 60 ~Å!
concentration~cm23! 1019 1018 1018 1018

Spacer thickness
Al0.1Ga0.9N

60
~Å!

60
~Å!

60
~Å!

30
~Å!

Channel layer
UID GaN

2 mm 2 mm 2 mm 2 mm

mH 300 K/77 K 1221/5613 1117/5506 1333/6530 564

Sheet N~cm22! 9.0031012 8.9131012 9.3031012 1.1631013
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as shown in Fig. 1. This is believed to be due to absorp
by the thick Ohmic and Schottky layers. Sample~c! has a
higher Al fraction in the electron Schottky layer,x50.2, than
sample~b!. A higher Al fraction corresponds to a smalle
lattice constant. Thus, a stronger compression strain is
duced across the 2DEG well, increasing the sheet conce
tion of the channel.11,12The increase in the Al fraction in th
Schottky contact layer compresses the barrier; increases
band gap of the spacer, and thus, increases theDEv across
the interface of the 2DEG well.

The 2DEG is present at the interface of the AlGaN/G
structure that is exactly at the interface of the spacer and
channel layer of the HEMT. So, the PL spectra of UID Ga
observed at low temperature must be compared, given
UID GaN is the thickest layer in these samples. UID G
has a Hall mobility of 131 cm2/V s with Ns52.41
31013 cm22. Figure 2 shows the PL spectra of the UI
GaN. The near-band-edge emission split into four subba
The peak at 3.468 eV, corresponding to a neutral don
bound exciton, referred to asD0X, can be observed in th
UID GaN and all the HEMTs structures in Fig. 1. The pea

FIG. 1. PL Spectra at 10 K for different structures
Al0.06Ga0.94N/Al xGa12xN/d-doping/Al0.15G0.85N/GaN HEMTs.
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in Fig. 2 differ greatly from that in Fig. 1, this is due to th
polarization effect of PL measurement in UID GaN.10 As
Reynoldset al. reported, forE'c ~making the electric field
of a polarized laser beam normal to thec axis!, D0X domi-
nates the near-band-edge emission of an UID GaN in
shape shown in Fig. 1. At the appropriate arrangemen
sample orientation, makingE'c, causesG5 andG6 to domi-
nate the near-band-edge emission with a new AI . subband,
implying that the grown UID GaN is of a very high-qualit
material.10 The first phonon replica of the neutral dono
bound exciton (D0X– 1LO) is present in the UID GaN and
broadens as the temperature increases. In contrast, for sa
~c!, as shown in Fig. 3, the peaks close to 3.406 eV do
vary with the measured temperature of the HEMT. In p
ticular, the peak at 3.406 eV does not appear in sample~b!,
as shown in Fig. 1. The shift of peakD0X exceeds that of the
2DEG subbands when the PL-measuring temperature
sample~c! rises, since the triangular potential well varie
little as the band gap narrows. This result has been repo

FIG. 2. PL spectra of high-quality UID GaN at different temperatures
ject to the terms at: http://scitation.aip.org/termsconditions. Downloaded 
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by other groups.7 This suggests that peaks below theD0X
correspond to transitions from 2DEG subbands to the
lence band.

Figure 4 shows the energy separation (DE) of 2DEG
subbands from the GaND0X emission. Figure 3 clarifies th
symbols. The two peaks nearest toD0X, DEm and DEl ,
correspond to the observed 2DEG peaks in other reports4–9

Shen has demonstrated the temperature dependence oDE
and found a downshift of around 3.5 meV from 10 to 60
In the observed spectra, the shifts inDEm and DEl are ap-
proximately 4 and 1.2 meV, respectively, which is consist
with Shen’s report.7

In summary, we have demonstrated highly resolved
spectra of 2DEG subbands in AlGaN/GaN HEMT structu
that are consistent with Hall measurements. There are at
five subbands observed in the HEMT structures in this stu
The energy separation in the PL spectra between the in
band transitions and near-band-edge transition are in
range of 25.1–172 meV. Strain has less effect on the subb

FIG. 3. Temperature-dependent PL spectra for sample~c!. Notice that the
peak redshift of the GaND0X is larger than that in the 2DEG.
rticle is copyrighted as indicated in the article. Reuse of AIP content is sub
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transition than the near-band-edge transition, which is c
sistent with other reports.11,12
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