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A photoluminescence emission band at 830 nm has been detected in single heterojunction
quantom well structures (modulation-doped structures) in the range of 250400 K. This
emission band is observed neither in hetercjunction structures without a two-dirmensional
electron gas (2DEG), norin nt AlGaAs and GaAs. The intensity of the emission band
increases as the mobility of the samples with ZDEG and shows excitonic behavior in its
variation with incident laser excitation intensity. This photoluminescence emission was
observed in samples grown by both molecular beam epitaxy and by organometallic vapor phase
epitaxy. This effect may be useful as a rough identification of high quality, medulation-doped

heterostructures.

Heterostructures based on various materials are cur-
rently widely investigated because of carrier confinement in
thin quantum wells! and carrier mobility enhancement in a
two-dimensional electron gas (2DEG).? These properties
make heterostructures suitable for applications in optoelec-
tronics, high-speed digital, and high-frequency microwave
circuits.

Two-dimensional electron gas quantum wel hetero-
structures have been widely investigated using magnetore-
sistive measurements’ and field-effect transistor (FET) de-
vices.* Both techniques require elaborate sample
preparation. Photoluminescence (PL) characterization, on
the other hand, requires little or no sample preparation. Al-
though double heterojunction guantum wells have been ex-
tensively characterized using photoluminescence,>® very lit-
tle has been reported on the photoluminescence char-
acterization of single heterojunction quantum wells
{(so-called modulation-doped structures).

We report here a study of single heterojunction quan-
tum wells using photoluminescence spectroscopy. Specifi-
cally, an emission band centered at approximately 830 nm
(1.453 eV) has been observed in the photoluminescence
spectra of modulation-doped heterostructures grown by
both organometallic vapor phase epitaxy (OMVPE] and
molecular beam epitaxy (MBE). This photoluminescence
emission appears in the temperature range between 250 and
400 K and increases in intensity with increasing 2DEG mo-
bility of the heterostructure. The emission is found to be
excitonic in nature and is explained in terms of confined
particle recombination at the heterostructure.

The heterostructures used in this investigation were
grown by both OMVPE and MBE. The GMVPE layers were
grown at atmospheric pressure using trimethylgaliium, tri-
methylaluminum, and arsine at 650 °C. The structures typi-
cally consisted of 5000 A of nominally undoped GaAs fol-
iowed by 200 A of undoped AlGaAs with Al composition of
30% and 400-800 A of Te-doped n* AlGaAs with an elec-
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tron concentration of 1-3 X 10'® cm >, Some samples had a
four-period superlattice layer of 100 A GaAs and AlGaAs
grown before the undoped GaAs layer. Other samples also
had a 200 A cap layer of n* GaAs. The MBE growth condi-
tions have been described elsewhere.” The MBE samples had
a 1 gm undoped GaAs layer, 50 A undoped AlGaAs, 350 A
of n* AlGaAs and 200 A cap layer of n* GaAs doped with
Si to an atomic concentration of 5 X 16*® em . The super-
lattice layer has five periods consisting of 80 A GaAs and 120
A AlGaAs. 1 um gate-length modulation-doped field-effect
transistors (MODFET s) made from some of these samples
{with 200 A undoped AlGaAs space layer, 200 An* GaAs
cap layer, and 40C A n* AlGaAs layer) had transconduc-
tances of 170 mS/mm at 300 K and 270 mS/mm at 77 K for
the OCMVPE grown material while devices fabricated from
the MBE material had transconductances of 205 mS/mn at
300 K and 420 mS/mm at 77 K.

The photoluminescence measurements were taken in a
closed cycle refrigerator over a temperature range of 8400
K. The excitation source was a Lexel 85.5 argon-ion laser
with operating wavelength at 514.5 nm and power densities
ranging from 0.10 to 17 W/cm? The photoluminescence
radiation was dispersed with a SPEX 1870C i/2m
spectrometer and detected using a Hamamatsu R980 photo-
multiplier,

Figure 1(a) shows the room-temperature photolumi-
nescence spectrom of a typical high-mobility modulation-
doped structure grown in our OMVYPE reactor. The struc-
ture of this sample is as described above, except that there is
no n* GaAs cap layer and the n* AlGaAs layer is 800 A.
The spectrum for an MBE grown sample with a structure
exactly as described above is shown in Fig. 1(b}. The spec-
trum shows an emission band at 696 nm (1.781 eV} which is
due to the 800 A n* AlGaAs layer and an emission band at
830 nm (1.493 V). The MBE sample does not show the
high-energy emission band because of a lower AlGaAs layer
thickness and possibly because of a lower luminescence effi-
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FIG. 1. Photoluminescence spectra at 300
K of (3) OMVPE grown heterostruciure
with a 2DEG, (b) MBE grown heterostruc-
ture with 2 2DEG, and (¢} OMVPE grown
heterostructure with no 2DEG. Laser exci-
tation intensity is 5 W/cm?,
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ciency of the MBE material. In addition to observing the 830
nm emission from simple AlGaAs/GaAs heterostructures
as described above, it was also observed from structures in-
corporating the four-period superlattice as well as from
those structures having the N * GaAs cap layer. The half-
width of the 83C nm emission is 60 meV. It is obscured by the
GaAs band-edge luminescence below 200 K but dominates
the spectrum between 250 and 400 K. The intensity of the
emission band decreases with temperature and the peak
shifts to higher energies as the temperature increases. In con-
trast, the spectrum of a similar OMVPE grown sample with
tow mobifities [Fig. 1{c)] does not show any emission band
in the range of 750-850 nm. The 830 nm emission peak was
not observed after the heterojunction laver was removed by
chemica!l etching from a sample similar to that of Fig. 1(a).
In this case, the photoluminescence spectrum was identical
to Fig. 1(c).

In addition, no photoluminescence emission as shown in
Figs. 1(a) and 1(b) was observed in 1 umr™ AlGaAs, thick
undoped GaAs layers or thin (1000 A) n' GaAs doped to
the same electron concentration as the sample of Fig. 1(a).
These samples were grown epitaxially on GaAs in the same
reactor. Only 2 1 gm n™ GaAs iayer (n~10" cm™?)
showed a broader emission band with the peak between 860
and 840 nm, but with PL intensity lower by one to two orders
of magnitude.

Figure 2 shows the variation with temperature of the
Hall mobility for the samples of Figs. 1{a) and 1{c). The
mobility of the sample showing the 830 nm emission band
increases monotonically down to 15 K, indicating that there
is a 2DEG in this sample.” The mobility of the sample show-
ing no emission band, on the other hand, peaks at about 60
K. Thus, this sample does not have a 2DEG in the hetero-
structure.” The Hall mobilities of various modulation-doped
samples were measured at 77 K. A general trend of increas-
ing PL intensity with the 2DEG mobility was found. The
sample with the lowest 77 K mobility of 6000 cm®/V s also
had the lowest PL intensity. This PL intensity increased
gradually by an order of magnitude for samples with a mo-
bility of 30 000 cm”/V s. For samples with mobility higher
than 30 000 cm?/V s {i.e., 45 000-50 000), the PL intensi-
ties increase sharply by as much as two orders of magnitude.

44 Appl. Phys. Lett,, Yol. 50, No. 1, 6 January 1987

(C)WAVELENGTH (&)

There is enough scatter in the data that no more than a trend
can be deduced.

From the above, it appears that there is a correlation
between the observation of the 830 nm emission band and
the existence of a 2PDEG or a high quality guantum well at
the heterojunction. At the same time, the intensity of the PL
emission correlates with the mobility of the modulation-
doped samples. Since this emission band was not observed in
undoped GaAs, thin n* GaAs, and n ' AlGaAssamples, we
conclude that it originates from the 2DEG quantum well
existing at the heterojunction. This can be explained as being
due to the recombination of excitons confined to the 2DEG
quantum well. Alternately, it may be due to band-to-band
recombination of electron-hole pairs in the vicinity of the
guantum well. That the luminescence is excitonic in nature
is suggested by Fig. 3. This shows that the variation of the
photoluminescence intensity with laser excitation is super-
linear for the luminescence from the modulaton-doped sam-
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FIG. 2. Temperature variation of the Hall mobility of the samples of Figs.
1{a) and 1(c).
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FIG. 3. Variation of photoluminescence intensity with incident laser power
denstty for AlGaAs/GaAs heterostructure and for n7 GaAs.

ples. On the other hand, for an # ™ GaAs sample for which
band-to-band recombination predominates, the lumines-
cence intensity variation is sublinear. Quantum well photo-
luminescence due to excitonic recombination has been
shown to have a superlinear variation with laser excitation.®
Rectangular quantum wells grown in our laboratory have
been found to also have a superlinear variation at 300 K with
an exponent of 1.5.

Figure 4 shows that the energy of the emission band
increases with temperature. This is contrary to the variation
of band-edge luminescence for which a decrease of the lumi-
nescence peak energy with temperature is observed. Hence,
the photoluminescence neither originaies from a “hidden”
Al 06 Gag.os As layer near the heterojunction nor from the
superlattice layers in some of the structures. A decrease of
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FIG. 4. Variation of the pesk energy of the 830 nm emission band with
temperature. Laser excitation intensity — 35 W/cm®
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emission peak energy is expected from these sources. The
observed energy shift with temperature can be expizined in
terms of band filling due to an increase in Fermi level (rela-
tive to the quantized levels) as more electrons are trans-
ferred into the 2DEG from the AlGaAs at high tempera-
tures. The energy of the Fermi level relative to the ground
state in the 2ZDEG is given by®

Ep = KT Infexp(h°N,/mKT) — 1] + E,, (1)

where F, is the ground state in the 2DEG, N, is the electron
concentration in the 2DEG in s 2, T'is the temperature in
K, m is the electronic mass, X is the Boltzmann constant,
and 2 Planck’s constant. The data of Fig. 4 can be fitto a
linear eguation of the form

E, = 1.198X107* T+ 1.458, (2>

where E, is the peak energy of the luminescence band in
electron volts. Substitution of the constants and
N, = L18 X 10" cm ™ % into the first term of Eq. (1) yieldsa
slope equal to that of Eq. (2). This indicates that eleciron
concentration changes of the order observed in the 2DEG
structures are capable of changing the Fermi level such that
the emission peak changes as in Fig. 4. Assuming that
E, = 1.458 eV by comparing Eqs. (1) and (2}, then the en-
ergy of the ground state (referenced to the bottom of the
conduction band) can be deduced to be 6.036 eV. This value
is comparable to that previously reported for AiGaAs/
Gahs’ heterostructures.

A near-recom-temperature photoluminescence emission
band at 830 nm has been observed in AlGaAs/GaAs modu-
lation-doped heterostructures. The emission band was ob-
served only in heterostructures with a 2DEG quantum weil
and was explained in terms of excitonic recombination at the
single heterojunction quantum well. This effect was ob-
served in both MBE and OMVPE grown materials. The lu-
minescenice intensity increased with the mobility of the
2DEG and appeared to be indicative of the guality of the
2DEG guantam well. This luminescence peak may therefore
be useful as a preliminary identifier of AiGaAs/GaAs heter-
ostructures with device quality 2BEG channels.
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