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ABSTRACT
We compare micro-photoluminescence (μPL) as a measure of
the electron density in a clean, two-dimensional (2D) system
confined in a GaAs quantum well (QW) to the standard
magneto-transport technique. Our study explores the PL shape
evolution across a number of molecular beam epitaxy-grown
samples with different QW widths and 2D electron densities
and notes its correspondence with the density obtained in
magneto-transport measurements on these samples. We also
measure the 2D density in a top-gated quantum well sample
using both PL and transport and find that the two techniques
agree to within a few percent over a wide range of gate
voltages. We find that the PL measurements are sensitive to
gate-induced 2D density changes on the order of 109
electrons/cm2. The spatial resolution of the PL density
measurement in our experiments is 40 μm, which is already
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substantially better than the millimeter-scale resolution now
possible in spatial density mapping using magneto-transport.
Our results establish that μPL can be used as a reliable high
spatial resolution technique for future contactless
measurements of density variations in a 2D electron system.
Engineered two-dimensional electron systems (2DESs) provide
a fertile ground for studying fundamental physical phenomena,
including the integer quantum Hall effect (IQHE) and the
fractional quantum Hall effect (FQHE).1,2 Advances in
molecular beam epitaxy (MBE) technology3 allow the precise
control of growth parameters, which critically affect scattering
mechanisms and carrier mobilities,4–8 and offer high material
quality, with long carrier mean-free paths and high mobilities.9
The progress in MBE-grown samples has been verified by
numerous detailed transport measurements.10 Thus far,
however, optical techniques have had little overlap with
transport techniques.11–25 More specifically, there are no
systematic studies of the photoluminescence (PL) spectra from
different GaAs structures or for their use in determining the
2DES density. The lack of systematic reports at the intersection
of optical and transport measurements is surprising given the
important role PL could play in understanding subtle material
properties. In particular, a study of local density variations in
GaAs samples could be used to track sources of impurities in
the conducting channel and to measure local differences in the
dopant efficiency. Here, we focus on the comparison between
transport and optical measurements with the goal of
http://aip.scitation.org/doi/10.1063/1.4985439[1/30/2018 2:26:54 PM]
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establishing micro-photoluminescence (μPL) as a viable
technique for characterizing the carrier concentration in GaAs
quantum wells (QWs) and for investigating possible small local
density variations in these 2D systems.
We begin by exploring the PL spectra of a set of 2DESs
confined to single-sided delta-doped, MBE-grown GaAs QWs
of various QW widths on (001) GaAs substrates. We compare
the carrier densities measured by μPL to transport
measurements. The samples in our study are each modulationdoped with Si to nominal electron densities in the range of n ≃
2.0 to 4.0 × 1011 cm−2. The 2D electrons in these samples are
located 260 nm under the surface and are flanked on each side
by undoped Al0.32Ga0.68As setback layers. The QW widths range
from W = 10–26 nm. These structures are engineered so that the
second sub-band is at least 10 meV above the Fermi energy so
that we can avoid Fermi edge singularity issues. Transport
measurements on each sample were conducted in a van der
Pauw configuration with annealed InSn contacts in a 3He
refrigerator with a base temperature of T ≃ 0.3 K using
standard low-frequency lock-in amplifier techniques. The PL
density values were determined using 1.2 μW of power focused
on a 40 μm diameter spot from a 730 nm laser in a continuousflow cryostat with the samples at a temperature of 7.2 K. The
laser focus spot size was chosen for convenience to provide a
sufficiently low power density of 75 mW/cm2 with reasonably
fast data acquisition times. Samples in PL measurements
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always had at least one annealed InSn Ohmic contact. For the
gating part of the experiment, the carrier density in the 21.2 nm
QW sample was changed using a 4 nm thick transparent front
gate of Titanium (Ti) metal.
The main features of the PL spectrum and their relation with
the 2DEG carrier density are summarized in Fig. 1. The laser
light creates electron-hole pairs which in turn induce
recombinations between the 2D electron states in the QW,
residing in the lowest n = 1 energy level of the conduction
band, and hole states created by the laser absorption in the
valence band. These recombinations preserve momentum and
appear as vertical transitions on the momentum (k) diagram.
The QW PL spectrum has a characteristic shape with a strong
maximum near the bottom of the QW band, at E0, and a Fermilike shape at E0 + ΔE. Both points can easily be determined
from the derivative of the PL spectrum: E0 is a zero of the
derivative, while E0 + ΔE is a local maximum. Taking into
account the Burstein-Moss shift,26,27 the Fermi energy is

EF = ΔE/(1 + m∗e /m∗h ) , where ΔE is the energy difference
between the PL spectral peak at E0 corresponding to the bottom
of the band, and the high energy edge of the PL spectral wing
related to maximal Fermi filling, and m∗e and m∗h are the
effective electron and hole masses, respectively.14,23 Since for a
2D system n = g2DEF, where g2D = 2.8× 1010 meV−1 cm−2 is the
2D electron density of states for GaAs,28 this relation provides a
direct measurement of the 2DEG carrier density from the PL
spectrum. It is insensitive to first order to band gap
http://aip.scitation.org/doi/10.1063/1.4985439[1/30/2018 2:26:54 PM]
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renormalization effects. We emphasize that the analysis of the
PL spectrum is not unique to single-sided QWs and that similar
PL spectra were obtained from QWs doped from both sides.

FIG. 1.
Normalized μPL
spectrum and its
derivative as a function of
energy in a 21.2 nm GaAs
QW. The spectrum
shows a pronounced peak
E0 at the bottom of the

QW energy band and a Fermi edge at

E0 + ΔE. Both energy points are well defined on the derivative
traces as a zero and a local maximum, respectively. Inset:
Schematic of the optical processes which define the PL line
shape. The density of carriers in the QW can be measured
directly from the μPL spectrum, taking into account the
curvature of the band and approximating it as parabolic with
effective masses m∗e and

m∗h (see text).

 PPT | High-resolution

In Fig. 2, we plot the temperature dependence of the PL spectra
for the 21.2 nm wide QW. The E0 peak position remains
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unchanged as the temperature increases from 7.2 K to 27.4 K
although the peak broadens. The Fermi edge also remains at the
same energy, but the shoulder step height lifts up at higher
temperatures because the photo-induced holes have more
kinetic energy and thus populate more high-momentum states.
Similar temperature behavior is observed for all QW widths
and 2D densities. The increase of the shoulder intensity at E0 +
ΔE relative to the peak at E0 with temperature has been shown
as a signature of the Fermi edge.14,20–22,24 Although at high
temperatures the Fermi edge is very pronounced, lowertemperature traces, with 8 < T < 11.3 K, are generally more
useful for high precision measurements of the carrier density
because the Fermi edge is better defined, and the uncertainty in
the derivative peak at E0 + ΔE is the smallest.

FIG. 2.
Photoluminescence
spectra of the 21.2 nm
QW as a function of
energy at different sample
temperatures. All traces
are normalized to the
maximum value of the E0 peak.

 PPT | High-resolution
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Figure 3(a) shows PL traces as a function of density for three
structures with a 21.2 nm wide QW measured at 7.2 K. The
arrows indicate the measured positions of the E0 and EF points.
As the electron density increases, the Fermi edge shoulder
extends to higher energies since more states in the QW are
occupied. The E0 peak moves to lower energies as the bandgap
decreases with higher electron density.29 In several of these μPL
spectra, a pronounced peak emerges near 818 nm, which is
attributed to the free exciton peak in high quality GaAs.30

FIG. 3.
Photoluminescence

spectra as

functions of energy and wavelength
for samples with different electron
densities (a) and QWs (b) at
T = 7.2 K.

 PPT | High-resolution

The dependence of the μPL spectra on the QW width is
summarized in Fig. 3(b) for 6 samples of nominal 2D density n
≃ 3 × 1011 cm−2 with various QW widths measured at 7.2 K.
When the QW width is large, the traces exhibit a strong peak at
http://aip.scitation.org/doi/10.1063/1.4985439[1/30/2018 2:26:54 PM]
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E0 and a pronounced shoulder near the Fermi edge.30–32 As the
QW width gets narrower, the height of the Fermi step gradually
becomes less pronounced, degrading at 11.5 nm and eventually
disappearing in the 10 nm QW spectrum. A zero height Fermi
edge step makes it impossible to see the location of the Fermi
edge, which causes the PL spectrum to resemble that of an
empty QW. We speculate that this behavior might be due to the
fact that the 2D holes produced by photon absorption get
trapped near zero momentum in QW width fluctuations at the
narrower QWs. The corresponding densities of the samples,
measured with PL and transport, are summarized in Table I.
Except for the narrowest QWs, the PL and transport densities
agree to within 12%.
TABLE I. 2DEG density measured with
transport (ntr) and PL (nPL).

In order to provide a more comprehensive understanding of the
behavior of the PL spectra as a function of carrier density, we
varied the bias Vfg of a thin Ti gate on the top surface of a
21.2 nm QW sample. The front gate is thin enough to allow the
laser light and the PL to pass through. Figure 4(a) shows the PL
spectra vs Vfg . At very high (>0.3 V) and very low (<–0.7 V)
gate voltages, the PL shape does not change significantly. In
the middle of the front-gate voltage range, the spectra change
gradually: for positive bias, they appear very similar to the
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unbiased spectrum shown in Fig. 3(b), while as the bias
becomes negative, the E0 peak moves closer to the Fermi edge.
In all cases, the Fermi edge remains at the same energy but, as
the carrier density gets very low, it starts to look like the
spectrum of an empty QW. Note that placing the Ti gate on the
top surface of the sample reduces the carrier density measured
with PL from 3.21 to 2.49 × 1011 cm−2. This shift is real and is
confirmed in the transport measurements.

FIG. 4.
(a) Photoluminescence

spectra

of the 21.2 nm sample as a function
of energy at different front gate
voltages. The voltages vary in
equal steps of ΔV = 0.075 V from

Vfg = 0.4V

to –0.875 V. All

traces are normalized to the value
of the E0 peak. (b) Comparison
between the transport and PL densities measured on the
same 21.2 nm QW as a function of front gate voltage. The
transport density is represented by black and red triangles in
the dark at 300 mK and with light at 4 K, respectively. The PL
data are shown with squares. Filled squares represent PL traces
with clear Fermi edge while the open squares correspond to
data from PL traces with weak or absent Fermi edge.
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 PPT | High-resolution

The 2D densities measured by transport and PL techniques are
compared as a function of front-gate voltage in Fig. 4(b). The
figure shows PL data alongside the results from transport
measurements from the 21.2 nm sample at 0.3 K in the dark and
at 4 K with a red diode on. We emphasize several interesting
points: (i) there is a range of front-gate voltages, between

Vfg = −0.4 V and 0.1 V, for which the three methods give
the same density to within 5%; (ii) for Vfg < −0.4 V the PL
traces lack a pronounced Fermi edge so that the density
measured with PL significantly deviates from the transport
densities; (iii) for Vfg < 0.4V , the PL and the transport
measurements with the light on agree well, while the transport
measurements in the dark deviate significantly; (iv) leakage of
the front-gate for voltages Vfg > 0.4V can be seen in all three
measurement methods; (v) when the weak red light is on,
excessive carrier creation makes the front gate ineffective in
changing the carrier density at positive bias. We note that
condition (i) defines a working range of carrier densities
n > 1.5 × 1011 cm−2 above which the μPL technique is found to
be reliable. Overall, the PL and the transport measurement
agree very well for a large range of front-gate voltages across
which the carrier density changes by a factor of 2. We find the
PL measurement to be sensitive to carrier density variations as
9

−2
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small as 10 cm .
To summarize, our data reveal that the PL spectra exhibit a
strong peak near the bottom of the QW, at E0, and a
pronounced Fermi edge in a number of QWs. The carrier
density can be changed with a thin transparent front-gate, and
both transport and PL measurements agree very well for a
range of front-gate voltages over which the carrier density
changes by a factor of 2. The agreement defines a range of
densities n > 1.5 × 1011 cm−2 above which the μPL technique is
reliable, provided we maintain a separation of 5–10 meV
between the Fermi level and the second sub-band of the
quantum well. The PL measurements are very sensitive to gateinduced density variations and can detect changes as small as
109 cm−2. Coupled with the small size of the laser beam, our
results affirm PL as a viable technique for detecting small and
spatially local density variations. Since transport measurements
are carried on bulk samples, often several millimeters in size,
the μPL technique provides a significant improvement in
characterizing GaAs samples locally and paves the way for
future experiments that use photoluminescence to probe the
sample quality of these 2D systems.
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