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Carrier diffusion in low-dimensional semiconductors: A comparison of quantum wells, disordered
quantum wells, and quantum dots
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We present a comparative study of carrier diffusion in semiconductor heterostructures with different dimen-
sionality [InGaAs quantum wells(QWs), InAs quantum dots(QDs), and disordered InGaNAs QWs(DQWs)].
In order to evaluate the diffusion length in the active region of device structures, we introduce a method based
on the measurement of the current-voltage and light-current characteristics in light-emitting diodes where
current is injected in an area,1 mm2. By analyzing the scaling behavior of devices with different sizes, we
deduce the effective active area, and thus the diffusion length. A strong reduction in the diffusion length is
observed going from QWssLd<2.7 mmd to QDs sLd,100 nmd, DQWs being an intermediate case(Ldiff

<0–200 nm depending on the carrier density). These results show that lateral composition fluctuations, either
intended or unintended, produce strong carrier localization and significantly affect the carrier profile in a device
even at room temperature.

DOI: 10.1103/PhysRevB.70.205311 PACS number(s): 73.63.Kv, 72.20.Ee, 72.80.Ng, 78.67.Hc

I. INTRODUCTION

Carrier diffusion plays an important role in the under-
standing and optimization of semiconductor optoelectronic
devices, particularly lasers and light-emitting diodes. In the
most common situation of two-dimensional(2D) heteroepi-
taxial growth, the potential profile and hence carrier trans-
port, can be easily tailored in the growth direction, while in
the layers plane transport is determined by diffusion. The
diffusion length then sets the ultimate limit on the active
device diameter. For example, the lowest threshold currents
in quantum well(QW) vertical-cavity surface emitting lasers
(VCSELs) are obtained in 2–3mm diameter devices, largely
due to the loss of carriers due to the lateral diffusion in the
QW for smaller diameters. For this reason, a large effort has
been dedicated to the study and fabrication of active regions
having a smaller diffusion length.1–3 Diffusion processes
strongly depend on the dimensionality of the active region:
While 3D carrier diffusion is possible in a bulk unconfined
active region, diffusion is restricted in a plane for a 2D quan-
tum well, to a single direction for a quantum wire, and finally
carriers are completely localized in an ideal 0D quantum dot
(QD). Suppressed carrier diffusion in quantum dots has been
indirectly evidenced in device characteristics such as the re-
duced sensitivity to defects,4 better scaling of laser
performance,3 increased resistance to radiation damage,5,6

and improved performance of ultrasmall devices.7–9 Disor-
dered QWs(DQWs) are an intermediate case between the
2D and 0D situations. In these structures, the essentially two-
dimensional potential profile contains random fluctuation
due, e.g., to inhomogeneities in the thickness or the compo-
sition of the QW(note that, in this context, the term “disor-
dered” does not refer to the crystal quality of the QW). Thus,
carriers can be localized in the minima of the potential pro-

file, where they do not contribute to drift or diffusion. As the
temperature or the injection level is increased, more and
more carriers are promoted into higher-lying, unconfined en-
ergy states. In an energy band picture, the presence of disor-
der produces band tails corresponding to the localized states.
Even in unconfined energy states within the band, the carrier
mobility and the diffusion length are strongly reduced by
scattering due to spatial inhomogeneities, as evidenced, e.g.,
in the AlGaN and InGaNAs material systems.10,11

Due to its fundamental and practical relevance, carrier
diffusion has been experimentally investigated using a vari-
ety of techniques. In most cases, the ambipolar or unipolar
diffusion length is measured on specifically designed struc-
tures by relatively sophisticated techniques, such as
cathodoluminescence,12 the transient-grating method,13 or
the high-resolution time-of-flight technique.14 However, the
measurement of the diffusion length in a device structure
under working conditions would be preferred for the under-
standing and optimization of device characteristics. This has
been demonstrated in edge-emitting lasers by fitting the sub-
threshold electrical impedance and modulation response15 or
the threshold current dependence on the stripe width.3 These
methods rely on specific laser models and require additional
assumptions(e.g., the shape of the gain-current curve).
Moreover, it is difficult to identify the process that is respon-
sible for the broadening of the carrier profile, i.e., carrier
diffusion in the active region versus current spreading in the
injectors. Recently, we introduced9 a fabrication technique
that allows the realization of light-emitting diodes(LEDs)
with dimensions comparable to the diffusion length(i.e.,
,1 mm). The characteristics of such ultrasmall devices are
very sensitive to diffusion and spreading processes. In this
paper, we show that through a simple analysis of their
current-voltage and light-current characteristics it is possible
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to distinguish between current spreading and carrier diffu-
sion, and to evaluate the diffusion length. This allows us to
perform a comprehensive comparison of the diffusion pro-
cess in QDs, QWs, and DQWs, as a function of the carrier
density. In Sec. II, the device structure and fabrication are
described, and the role of current spreading is analyzed. In
Sec. III we present a comparative study of the diffusion
length in similar structures comprising three different active
regions, i.e., an InGaAs/GaAs QW, InAs/GaAs QDs, and a
disordered InGaNAs QW. A diffusion lengthLd<2.7 mm is
deduced for the InGaAs QW, while carrier localization
sLd,200 nmd is observed in both the QDs and the InGaNAs
DQW. In the DQW, we further show that the diffusion length
increases with increasing current density, an indication of the
filling of localized states in the band tail. The results are
discussed in Sec. IV.

II. SAMPLE STRUCTURE AND FABRICATION

Three LED wafers were grown with very similar epitaxial
structure except for the active regions. The samples(Fig. 1)
were grown by molecular-beam epitaxy(MBE) on n-doped
(001) GaAs substrates and consist of bottom-emitting micro-
cavity LEDs with a bottom epitaxial distributed Bragg re-
flector (DBR) and a gold layer on the top, which serves both
as a mirror and as a contact. The QD and QW samples were
grown in the same VG-V80H MBE system and have an
identical layer sequence:(from the bottom) 3.5-pairs
n-doped GaAs/Al0.9Ga0.1As quarter-wave stack (with
10 nm-thick graded layers at the interfaces), 20 nm
n-Al0.3Ga0.7As, 114 nmn-GaAs, 45 nm undoped GaAs, an
active layer(QDs or InGaAs QW), 45 nm undoped GaAs,
32 nm undoped AlGaAs with Al composition linearly in-
creasing from 0% to 85%, 20 nm undoped Al0.85Ga0.15As,
115 nmp-Al0.85Ga0.15As, 10 nm graded layer, and a top p+
+ GaAs capping layer. Bothn- and p-doping is nominally
231018 cm−3, except in the capping layer, which isp-doped
to 531019 cm−3. The active layer consists in one sample of a
7.5 nm In0.18Ga0.82As QW emitting at 980 nm at room tem-
perature(RT), in the other sample of a self-assembled QD
layer obtained by continuously depositing 2.9 monolayers of
InAs and covering with a 5 nm-thick In0.15Ga0.85As layer
(RT emission around 1300 nm). The weak microcavity de-
fined by the top Au mirror and the bottom 3.5 pairs Bragg
mirror (quality factorQ=20) in this structure was designed
to maximize the extraction efficiency for low-temperature
emission at 1220 nm, therefore it is not optimized for the QD
and QW RT emission wavelengths. The extraction efficiency,
calculated by the dipole source-term method,16 is 1.6% for
the QW and 3.9% for the QD sample, at their respective
emission wavelengths. The third DQW sample was grown in
a different VG-V80H MBE apparatus and has the same layer
sequence in thep-side of the junction and an active region
composed of a 6.5 nm In0.3Ga0.7N0.016As0.984 QW sand-
wiched between two 5 nm GaAs0.986N0.014 barriers. The bot-
tom DBR was replaced in this case by al /2-thick
n-Al0.3Ga0.7As layer. The InGaNAs QW emits at 1280 nm at
RT and the calculated extraction efficiency at this wave-
length is 8.3%. We stress that the InGaNAs sample was not

annealed, in order to clearly evidence the compositional in-
homogeneities in the DQW. While then-side of the junction
in this sample is different, it will be shown in the following
that the light-current-voltage characteristics are determined
by the p-injector, which is identical in the three structures,
therefore a significant comparison can be made.

LEDs with submicrometer current apertures were fabri-
cated using the approach described in Ref. 9 and represented
in Fig. 1. Device processing starts with the definition of shal-
low mesas of variable diameters1–30mmd by optical li-
thography and wet etching of the top GaAs cap layer. The
exposed Al0.85Ga0.15As is then oxidized selectively by heat-
ing the samples at 400°C in a H2O atmosphere created by
bubbling N2 in a water bath at 85°C. The oxidation starts at
the exposed surface and then penetrates laterally bylox
<500 nm under the GaAs cap layer, thus defining a current
aperture whose diameter can be controlled down to around
100 nm by varying the oxidation time. Figure 1(b) shows a
cross-sectional scanning-electron microscope(SEM) image
of an aperture of 300 nm defined in this way. Broad area

FIG. 1. (a) Schematics of the fabricated LED structures.(b)
Cross-sectional SEM image of a 300-nm aperture obtained by lat-
eral oxidation from a 1mm-wide stripe.
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p-contactss3.8310−5 cm2d are then evaporated on top of the
mesas, with uncritical alignment, and ann-contact is evapo-
rated on the substrate side.

Because the surface of the sample, outside the mesas, is
covered with an insulating Al2O3 oxide, current is forced to
flow into the small current apertures. However, the active
area may be larger than the current aperture if current
spreads between the oxide aperture and the active layer. Cur-
rent spreading must thus be suppressed to achieve a small
active area. Current spreading is determined by the ratio of
the lateral and vertical impedance: Particularly at low bias,
when the diode impedance is large, current can find a lower
impedance path by flowing laterally(parallel to the layers)
and spreading on a much larger area. To suppress current
spreading, the layers between the oxide aperture and the ac-
tive layer were not doped in order to increase the lateral
resistance.

Figure 2 shows the band diagram around the active region
under an applied bias of 1 V, calculated by the Simwindows
simulation package,17 assuming a 5 nm-thick InAs QW
as the active layer. Under a positive bias, the graded hole
injector facilitates the vertical hole transport from the
Al0.85Ga0.15As aperture region to the QDs by avoiding poten-
tial steps at heterointerfaces in the valence band and by pro-
viding a potential gradient directed toward the active layer.

The role of current spreading and injector design was di-
rectly verified by comparing the current-voltage characteris-
tics of two QD samples, one with the design described
above, and a second one where the 32 nm-thick undoped
graded injector and the 20 nm-thick undoped Al0.85Ga0.15As
were replaced by a 20 nm-thickp-doped Al0.3Ga0.7As layer,
which acts as a current-spreading layer. Broad-area LEDs
with diameters ranging from 50 to 400mm were fabricated
using wet oxidation as described above. The current density
J versus voltageV characteristics for(a) p-doped and(b)
undoped graded injector structures are shown in Fig. 3 for
different device diameters. All measurements shown in the

following were taken in the two-probe configuration, in order
to measure very small currents at low bias[the series resis-
tance of the set-ups<5 Vd contributes significantly to the
measured voltage only for currents.10 mA, i.e., in the satu-
ration region of the largest devices]. The current density was
derived from the current using the measured current-aperture
area. A strong difference between the two sets of curves is
evident. The LEDs with optimized graded undoped injector
show exponential diode characteristics(with ideality factor
n=1.8), with nearly perfect scaling of current with aperture
area: The current density versus voltage curves superpose
over four orders of magnitude of current in the low bias
range(for Vù0.8 V the current becomes limited by the se-
ries and contact resistance, leading to a departure from ex-
ponential characteristics). In contrast, the LED with the
current-spreading layer has strongly nonexponentialI-V
characteristics and does not show proper scaling with current
aperture area. The absence of scaling is related to the fact
that the effective device area is larger than the current aper-
ture, which may be due to current spreading and/or to carrier
diffusion. The nonexponential behavior ofI-V characteristics

FIG. 2. Band diagram(CB: conduction band; VB: valence band)
around the active region of the QD and QW LEDs under an applied
bias of 1 V, calculated by Simwindows(Ref. 17), assuming a
5 nm-thick InAs QW as the active layer. The 32 nm-thick AlGaAs
with Al composition linearly graded from 0% to 85% acts as a hole
injector by accelerating holes toward the active layer.

FIG. 3. MeasuredJ-V characteristics of(a) QD LEDs with a
doped current spreading layer, and(b) QD LEDs with an optimized
injection region. The current density is obtained by dividing the
current by the oxide aperture area.
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is strong evidence of current spreading, since this latter
mechanism depends on the ratio of lateral to vertical imped-
ance. Particularly, as the bias is reduced and thus the diode
impedance increases, lateral current flow becomes more sig-
nificant and the effective device area increases, leading to a
higher current than in the undoped injector structure. In con-
trast, carrier diffusion does not depend on bias level and
produces a bias-independent increase in the active diameter
(see Sec. III). The comparison of the doped versus undoped
injector structures shows that thep-injector plays a major
role in the current-voltage characteristics of LEDs and lasers,
and must be carefully optimized in order to avoid current
spreading.

III. EXPERIMENTAL RESULTS

A. Current-voltage measurements

Current-voltage characteristics were measured on LEDs
with QD, QW, and DQW active regions, for device diam-
eters ranging from 10mm to 500 nm and are reported in the
left part of Fig. 4. All measurements were performed in the
dark at room temperature. Control devices(“no mesa”),
which were uniformly etched and thus have no aperture in
the oxide layer, present only a very small leakage current
through the oxide(I ,0.1 nA at 1.2 V, corresponding to a
current density,3310−6 A/cm2), which confirms that the
oxide is effective in restricting current flow to the aperture

FIG. 4. MeasuredI-V (left) and J-V (right) characteristics for QD(top), QW (middle), and DQW (bottom) LEDs with different
current-aperture diameters. The current densities are calculated using the aperture diameter measured by SEM during the process.
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region. TheI-V curves present exponential diode character-
istics over several orders of magnitude in the current, limited
on the low bias side by the setup current sensitivity and on
the high bias side by the series resistance due to space-
charge-limited transport in the undoped AlGaAs layers and
the contact resistance. In fact, in the high bias range
(V.0.9 V in the QD and DQW samples) the current has a
square-law dependence on the voltage, which is typical for
space-charge-limited transport.18 The ideality factors, ob-
tained by fitting the exponential part of theI-V characteristics
of the largest devices, aren=1.89(QD), 1.54(QW), and 1.53
(DQW). Note that, because of the smaller bandgap of the
active region, a higher current is observed in the QD and
DQW samples than in the QW. Persistent photoconductivity
due to ambient illumination was observed in the QW and
DQW LEDs, leading to negative currents at low bias
sV,0.2 Vd (this corresponds to the discharge of photocre-
ated carriers, which is slow due to the extremely high diode
impedance). In order to alleviate this effect, the voltage was
swept from 0 to 1.4 V several times before taking each mea-
surement. Note that in the QD structures the same effect is
not observed because of the much reduced absorption in the
active region.

For each device size, the diameter of the current aperture
was measured by SEM during the process and used in the
calculation of the current density(the right part of Fig. 4).
Comparing the current density for different device diameters,
we observe a different scaling behavior depending on the
nature of the active region. For the QD structures, the current
density versus voltage characteristics do not depend on the
device size over four orders of magnitude in the current den-
sity, i.e., in the bias range 0.4 VøVø0.9 V corresponding
to exponential diode characteristics. The good scaling basi-
cally confirms that current spreading and carrier diffusion are
insignificant, as already observed from the characteristics
shown in Fig. 3, except that, due to the much smaller sizes,
we can now put a much more stringent upper limit on the
diffusion length. If, e.g., a diffusion/spreading length of
100 nm is added to the device radius measured by SEM, the
curves show a significant departure from the scaling behav-
ior shown in Fig. 4. This sets an upper limit of<100 nm on

the diffusionand spreading lengths in our QD devices. This
resolution in the determination of the active device area re-
sults directly from the use of submicrometer current aper-
tures, a unique feature of our approach.

In contrast to the QD structures, the QW LED current-
voltage characteristics do not scale with the current aperture
area: Smaller devices have an apparently higher current den-
sity. This is due to the fact that the active area is increased by
the diffusion of carriers along the laterally uniform QW. In
fact, since the epitaxial structure of the QW LED is identical
to the QD LED, apart from the active region, we can rule out
current spreading in the injection region as the origin for the
increased active area. This is further confirmed by the nicely
exponentialI-V characteristics of the QW sample, different
from the current-spreading behavior shown in Fig. 3(a).
Based on this observation, we can deduce the diffusion
length from the scaling ofI-V characteristics with device
area. Specifically, we expect the active radius to be given by
the radius of the unoxidized region increased by a diffusion
length Ld, which should not depend on the device size and
bias point. The current for devicen is then given by

InsVd = J0sVdSn = J0sVdpsraper,n + Ldd2, s1d

where Sn is the effective active area,raper,n is the aperture
radius, andJ0 is the current density in a planar device(i.e.,
for the case whereLd is negligible compared to the aperture
radius). As a starting point, we takeJ0 as the current density
calculated from the largest(9 mm-diameter) device using the
current aperture area. For each device, we calculateLd
=LdsVd from Eq. (1). We find that, in the voltage range
0.7–1.1 V, where theI-V characteristics are exponential,Ld
has a value approximately independent of the voltage. The
procedure is then iterated by using this value in the calcula-
tion of J0, until a self-consistent value ofLd is found. Figure
5(a) shows the LdsVd curves, obtained assumingLd

=2.7 mm in the calculation ofJ0 from the current of the
9 mm-diameter device. Remarkably,LdsVd=s2.7±0.4d mm
in a voltage range that corresponds to over four orders of
magnitude of current density variation and for devices whose
diameters span two orders of magnitude. The scaling ofJsVd

FIG. 5. (a) Estimated diffusion lengths in QW LEDs calculated from the ratio of current in each device to the current density in the
9 mm-diameter device(see the text). (b) Current densities versus voltage, assumingLd=2.7 mm.
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characteristics obtained by assumingLd=2.7 mm is shown in
Fig. 5(b) and further demonstrates the accuracy of the fit. We
stress that the possibility of fitting theJsVd curves with a
single parameter confirms that the diffusion process depends
on the active material and not on the device size and the
applied voltage.

Finally, the DQW LED characteristics scale relatively
well with the current aperture area, as seen in Fig. 4(bottom
right). However, at high biassV.0.7 Vd smaller devices
present an apparently larger current density—an indication
for carrier diffusion. We apply the same procedure as for the
QW LEDs, takingJ0 as the current density calculated from
the 8.8mm-diameter device using the current aperture area.
The diffusion lengths calculated using Eq.(1) are shown in
Fig. 6(a). In this case,Ld is negligible(within the resolution
of <100 nm due to dispersion in the characteristics of the
different devices) for V,0.6 V, however, for higher bias
it clearly increases with bias with a saturation in the
150–200 nm range. This trend is observed in all the devices
and the diffusion lengths are comparable. Note that the rela-
tive variation of Ld in the DQWs is much larger than in
QWs, where it is below 20% in a comparable bias range. We
attribute the increase of diffusion length to a progressive fill-
ing of localized states in the band tail of the disordered
GaInNAs QWs and consequent population of delocalized
states in the band, as discussed in Sec. IV. Figure 6(b) reports
the J-V characteristics obtained by taking into account a dif-
fusion lengthLd=200 nm in the calculation of the active
area. The scaling is better in the high bias part of the char-
acteristics, as expected.

B. Light-current measurements

Light-current measurements were taken using a calibrated
Ge detector with an active area of 1 cm2 positioned close
s<1 mmd to the sample backside, in order to collect most of
the optical power emitted by the LEDs. Lock-in techniques
are used to accurately measure the low-power levels pro-
duced by these small devices. Figure 7(left side) shows the
powerP versus currentI characteristics measured on the QD
(top), QW (middle), and DQW(bottom) LEDs. The external

quantum efficiencyhQE, calculated ashQE=se/hnd / sP/ Id, is
plotted in the right part of Fig. 7 as a function of thenominal
current density(current divided by the aperture area).

The light-current characteristics on the QD LEDs show
that at low current levels smaller devices are more efficient.
This effect is mostly due to the fact that at low bias effi-
ciency increases with current density(reaching a maximum
around 100 A/cm2; see the right part of Fig. 7), and that for
a given current smaller devices operate at higher current den-
sities, thus closer to the optimum point. This is a clear dem-
onstration that proper size scaling is needed in order to
achieve efficient light generation at low output power levels.
At higher bias, on the contrary, the output power from
smaller devices saturates due to the filling of the QD ground
state level and population of excited states, which are more
prone to nonradiative recombination due to thermal escape.
In order to de-embed the material properties from the effect
of the microcavity, the external quantum efficiency can be
written as hQE=hrad hextr, where hrad is the radiative effi-
ciency (the number of photons generated inside the device
divided by the number of injected electrons) andhextr is the
extraction efficiency(the fraction of internally generated
photons that escape to the outside). By dividing the mea-
sured external quantum efficiency by the extraction effi-
ciency hextr=3.9%, calculated by the dipole source-term
method,16 we deduce the radiative efficiency as a function of
current density, plotted in Fig. 8(top). The radiative effi-
ciency versus current density curves scale well with each
other, except for the two largest diameters, which present a
lower peak efficiency. Also, the efficiency was observed to
vary considerably among nominally identical devices for the
smallest diameters in this sample(the best values are pre-
sented). Variation in the efficiency related to the increase in
the spontaneous emission rate in the cavity mode(the so-
called Purcell effect19,20) can be excluded, despite the small
active areas, since the cavity quality factor is too small in
this structure. We rather attribute the scattering and reduced
efficiency for the large devices to the presence of defects
with areal density such that one or a few may be present in
each LED. The presence of defects is also confirmed by the
relatively low peak radiative efficiency of 2.5% measured in

FIG. 6. (a) Estimated diffusion lengths in DQW LEDs calculated from the ratio of current in each device to the current density in the
8.8 mm- diameter devices(see the text). (b) Current densities versus voltage, assumingLd=200 nm.
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large s400 mmd devices, even with no oxide aperturing, as
compared to the radiative efficiencies of 13% measured by
us21 in similar QD structures. The main conclusion is that the
efficiency is not degraded even for the smallest areas, which
indicates that the oxide layer does not introduce nonradiative
recombination centers in the QD layer along the perimeter of
the aperture, which would become more significant as the
device shrinks in size. Also, all devices reach the peak effi-
ciency at similar current density levels, further confirming
that proper size scaling is achieved in QD LEDs.

This situation should be contrasted with the efficiency
versus current density curves for QW LEDs(Fig. 7, middle

part), where(a) the peak efficiency decreases as the device
diameter is reduced, and(b) the optimum current density
increases by over one order of magnitude as the diameter is
decreased from 9 to 0.5mm. The latter effect is clearly re-
lated to the increase in the effective active area due to carrier
diffusion in the QW, as observed in the current-voltage char-
acteristics. By using the effective current densities(assuming
Ld=2.7 mm) we easily recover efficiency curves which have
the same functional dependence on the current densities(not
shown). However, in order to explain the variation in the
peak quantum efficiencies, we must introduce one further
element: The extraction efficiency depends on whether re-

FIG. 7. Measured power-current(left) and efficiency-current density(right) characteristics for QD(top), QW (middle), and DQW
(bottom) LEDs with different current-aperture diameters. The nominal current densities are calculated using the aperture diameter measured
by SEM.
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combination occurs in the aperture area, in the annular re-
gion below the mesa and the oxide[see Fig. 1(a)], or in the
etched area outside the mesa. The output power can in fact
be written as

Pout =
hn

e
hradshaperIaper+ hoxIox + hetchIetchd

=
hn

e
hradShaper

Saper

Stot
+ hox

Sox

Stot
+ hetch

Setch

Stot
DI , s2d

wherehaper, hox, andhetch are the extraction efficiencies for
photons generated in the aperture, oxidized, and etched
regions, respectively,Iaper, Iox, and Ictch the currents in the
three regions,Saper, Sox and Setch the corresponding areas
(Saper=praper

2 , Sox=psrmesa
2 −raper

2 d, and Setch=pfsraper+Ldd2

−rmesa
2 g, where raper and rmesa are the radii of the oxidized

aperture and of the etched mesa, respectively), Stot the total
effective active area(Stot=psraper+Ldd2), hn the photon en-
ergy, ande the electron charge. In(2) we have assumed the
current density to be uniform in the active area, which is the
same approximation used in the fitting ofLd from the
current-voltage characteristics. Note that we are not consid-
ering any surface recombination effect, which is consistent
with the good scaling ofL-I characteristics observed in the
QD sample. By using a simulation software based on the
dipole source-term method,16 we calculate the extraction ef-
ficiency as(at l=970 nm): haper=1.6% in the aperture re-
gion, hox=1.9% below the oxide, andhetch=0.495% in the
etched area. Using these values, the measured geometrical
areas and the diffusion lengthLd=2.7 mm derived from the
current-voltage characteristics, the radiative efficiencyhrad
can be calculated from(2) for different device diameters and
bias conditions. The result is plotted in Fig. 8(middle part)
as a function of theeffectivecurrent densityJeff= I /Stot. The
scaling between the different curves is very good(apart from
some discrepancy for the largest device at low current den-
sities), despite the simplicity of the model and the absence of
fitting parameters(apart from the diffusion length that was
fitted separately from theI-V characteristics). This confirms
that the decrease in efficiency for the small QW LEDs, as
seen in Fig. 7, is only due to the diffusion of carriers outside
the aperture area, and not to defects introduced by the oxide.

The DQW efficiency versus current densities(Fig. 7, bot-
tom part) also show considerable dispersion for different di-
ameters, despite the smaller carrier diffusion evidenced by
the current density versus voltage measurements. In particu-
lar, similarly to the QW LEDs, the smaller devices present
both a lower peak external quantum efficiency and an in-
creased optimum current density, which is an indication for
carrier diffusion outside of the aperture area. We note that the
light-current measurements were taken at relatively high cur-
rent densitiessJ.10 A/cm2d, since the radiative efficiency
of InGaNAs is very low at low carrier concentration, due to
nonradiative recombination, as shown previously.22,23 In this
range, we estimatedLd to be in the order of 200 nm from the
scaling of current-voltage characteristics[Fig. 6(a)]. In order
to check this estimate, similarly to the QW LEDs, we write

the extraction efficiency as the weighted sum of the efficien-
cies in the different regions. In this case, however, sinceLd is
smaller than the oxidized distancelox, we assume that carri-
ers do not diffuse outside of the oxidized aperture, i.e., we
neglect photon generation in the etched region, and thus

Pout =
hn

e
hradshaperIaper+ hoxIoxd

=
hn

e
hradShaper

Saper

Stot
+ hox

Sox

Stot
DI . s3d

In this case,Saper=praper
2 , Sox=pfsraper+Ldd2−raper

2 g. The
extraction efficiencies are calculated ashaper=8.3% in the
aperture region andhox=0.75% below the oxide, at the emis-
sion wavelength of 1280 nm(these are different from the
QW sample because of the different emission wavelength
and bottom mirror structure). The radiative efficiency is plot-
ted in Fig. 8 (bottom part) as a function of the effective
current density, assuming a diffusion lengthLd=200 nm. The
scaling of the different curves is now excellent and further
supports the estimated value ofLd derived from the current-
voltage characteristics. Note that the scaling analysis of the
light-current characteristics provides additional information
as compared to the current-voltage characteristics. In fact,
the diffusion length impacts the light-current characteristics
more strongly since it affects also the extraction efficiency,
particularly in the smallest devices where the diffusion area
may be comparable to the current aperture. Moreover, light-
current investigations allow the measurement of the diffusion
length in a current density rangesJ.103 A/cm2d where the
current-voltage characteristics are dominated by the voltage
drop due to the series resistance and the space-charge-limited
transport.

Finally, we compare the radiative efficiency of the
InGaAs QW emitting at 980 nm to InGaNAs DQW and InAs
QDs, both emitting around 1300 nm, as shown in Fig. 8. The
InGaAs QW has the highest radiative efficiency, approaching
70% at a current density of 30 A/cm2, which is a typical
value for high-quality InGaAs QWs. The QD LEDs present
radiative efficiencies in the 3% –5% range, a somewhat
lower value than the 13% previously measured by us21 on
similar epitaxial material. Carrier capture by strain-induced
defects and reduced spontaneous emission rate due to ther-
mal activation to the barriers and/or to excited states may be
the origin of the lower radiative efficiency of QDs as com-
pared to optimized QWs. InGaNAs QWs have an even lower
radiative efficiency than QDs, as was previously observed
through a direct comparison between the two materials.22

This is likely due to nonradiative defects directly or indi-
rectly related toN incorporation, which result in much
shorter nonradiative lifetimes, particularly in this nonan-
nealed material. Note also that the radiative efficiency maxi-
mum (possibly limited by device heating) corresponds to
high current densities.1 kA/cm2, further evidence of non-
radiative recombination.
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IV. DISCUSSION

The set of measurements presented in Sec. III provides a
consistent estimate of the diffusion lengths in semiconductor
nanostructures of different dimensionality, i.e., QWs, QDs,
and disordered QWs, as a function of the carrier concentra-
tion. The first issue that needs to be clarified is whether the
measured value is the minority carrier or the ambipolar dif-
fusion length. In fact, the diffusion mechanism depends on
the type and geometry of carrier injection. Although no ex-

ternal field is applied in the lateral plane, an imbalance of
electron and hole concentrations can produce an electric field
that contributes to charge transport through a drift term. For
example, in the case of optical excitation of carriers in an
undoped semiconductor, the conditions of charge neutrality
and zero total current density lead to ambipolar diffusion,
where the transport including diffusion and drift can be de-
scribed as a purely diffusive process with an ambipolar dif-
fusion coefficient given, for a nondegenerate semiconductor,
by

Da = 2
DnDp

Dn + Dp
s4d

(see, e.g., Ref. 24), whereDn and Dp are the electron and
hole diffusion coefficient, respectively. However, as pointed
out by Joyce,25 the localized injection of holes from an ap-
erture or a mesa does not correspond to the situation of am-
bipolar diffusion, since the supply of carriers is asymmetric
(localized injection of holes from thep side, uniform injec-
tion of electrons from then side). A similar derivation as in
the case of ambipolar diffusion leads25 to describing both
transport and diffusion with an effective diffusion coeffi-
cient,

De < 2Dp. s5d

It is seen that, although representing different physical
situations, expressions(4) and (5) give approximately the
same value of the diffusion coefficient in the caseDn@Dp
(note, however, that, if electrons were confined instead of
holes, only the derivation by Joyce would correctly predict a
much larger effective diffusion coefficientDe<2Dn). Intu-
itively, the internal electric field favors hole transport against
electron transport, counteracting the difference in diffusion
coefficients, in order to maintain charge neutrality. Assuming
that the carrier lifetimet is independent of the carrier con-
centration, the diffusion lengthLd<2.7 mm fitted from the
I-V characteristics in our QW LEDs is related to the effective
diffusion coefficient through

Ld = ÎDet < Î2Dpt, s6d

and is thus also approximately equal to the ambipolar diffu-
sion length since electron mobilities are much larger than
hole mobilities in InGaAs QWs. Note that the diffusion
length is fitted over a low bias rangesJ,10 A/cm2d, where
the assumption of a constant lifetime is reasonable(mono-
molecular recombination).

The estimate of the QW ambipolar diffusion length ob-
tained by our method,LdsVd=s2.7±0.4d mm, is within the
range of values reported in the literature; see, e.g., Refs. 1,
12, 26, and 27. The significant spread in these values may be
attributed, besides the material quality, to the different exci-
tation levels used in the different experiments(a strong

FIG. 8. Radiative efficiency versus current density characteris-
tics for QD (top), QW (middle), and DQW (bottom) LEDs with
different current-aperture diameters. The current densities are cal-
culated assuming no diffusion for the QDs, a diffusion lengthLd

=2.7 mm for the QWs andLd=200 nm for the DQWs.
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reduction inLd was, for example, observed in Ref. 27 with
increasing current injection in a laser structure).

The suppression of carrier diffusion in QDs and disor-
dered QWs, as compared to QWs, was also reported previ-
ously. Ambipolar diffusion length values ofLd<0.5 mm
(In0.3Ga0.7As QDs emitting at 1180 nm28) and Ld,0.6 mm
(resolution limited, InAs QDs emitting at 1270 nm29) were
measured in QDs using cathodoluminescence and spatially
resolved photoluminescence, respectively. Our more strin-
gent estimated upper limitLd,100 nm derives on one side
from the stronger electronic confinement(as compared to the
QDs used in Ref. 28), on the other side from the better spa-
tial resolution(as compared to Ref. 29), which is provided
by the small current apertures and the large dynamic range in
I-V measurements. The strongly suppressed carrier diffusion
in QDs is clearly related to 3D wave function confinement in
the low-bandgap islands. The possible mechanisms for diffu-
sion in QDs are(a) thermal hopping and(b) diffusion in the
2D wetting layer(WL) or the 3D GaAs barrier, prior to car-
rier capture in the QDs. For the large and In-rich QDs and at
the low injection levels considered here, thermal hopping is
ineffective due to the large potential barriers270 meVd be-
tween the QD ground state exciton energy and the WL en-
ergy. The latter mechanism, diffusion prior to carrier capture,
has been evoked in Ref. 29 to explain the comparatively
larger diffusion lengthsLd<1.6 mmd measured when pump-
ing in the GaAs barrier. In contrast, although injection pro-
ceeds through the barrier also in our LEDs, we do not ob-
serve such an effect. We attribute this difference to the
different excitation density used in the two experiments. In-
deed, diffusion prior to capture should be negligible in our
dots, since the capture time from the barrier to the QDs is
smaller than 10 ps30).

Finally, it is remarkable that diffusion is strongly sup-
pressed(Ld=0–200 nm, depending on carrier density) in
InGaNAs DQWs at room temperature. The minority carrier
diffusion length in bulk MBE-grown InGaNAs(after anneal-
ing) has been previously estimated by fitting the response
characteristics of solar cells:11 Ldsholesd=30 nm. However,
to the best of our knowledge, the ambipolar diffusion length
in InGaNAs QWs has not been reported previously. The very
short minority and ambipolar diffusion lengths can be attrib-
uted to short carrier lifetimes, to scattering by impurities and
by spatial inhomogeneities, or to localized energy states in
the band tail. Several of these factors are likely to contribute,
depending on the carrier concentration and temperature. Par-
ticularly, the current-voltage measurements presented in
Figs. 4 and 6 evidence an increase of the diffusion length at
high carrier injection, which may indicate a transition from
diffusion through hopping among localized states to band-
like transport. In fact, compositional disorder in an alloy pro-
duces a band tail consisting of states with localized wave
functions. At low current densities holes occupy the localized
states in the band tail, which are progressively filled as in-
jection is increased, leading to the population of delocalized
states inside the band and increased diffusion. Compositional
fluctuations along InGaNAs QWs were observed by trans-
mission electron microscopy.31 Also, carrier localization at
low temperature was indicated for such structures by an
S-shape dependence of the photoluminescence(PL) peak po-

sition on temperature.32,33 In bulk InGaNAs, evidence of ex-
citon localization at low temperature was provided both by
time-resolved PL34 and by the appearance and magnetic-field
dependence of sharp spectral lines in near-field
spectroscopy.35 While in most reports localization effects are
significant for temperatures,100 K, our data indicate that
they may persist up to room temperature in our nonannealed
InGaNAs QWs. There are several effects that could cause
this apparent difference: First, the compositional inhomoge-
neities giving rise to localization are more significant in
nonannealed layers.36–40However, it should be noted that PL
measurements on a nonannealed reference sample analogous
to the DQW LED revealed a very weak S-like dependence of
the peak position on temperature(localization depth about
5 meV, data not shown). Second, the carrier density may
also be an important factor for the observation of localization
effects: The transition between localized and bandlike behav-
ior, as evidenced by the increase in the diffusion length, is
observed at low current densitiesJ,10 A/cm2, correspond-
ing to carrier densities,1010 cm−2. This excitation range is
usually not accessible in optical measurements, because non-
radiative recombination is dominant, as we observe in the
LED characteristics as well(Fig. 8). Two recent studies on
carrier transport insIndGaNAs layers have in fact evidenced
localization effects at temperatures up to 20041 and 300 K42

at low carrier densities. More investigations specifically de-
voted to the InGaNAs material as such are needed to clarify
this point.

V. CONCLUSIONS

The main results presented in this paper are two-fold.
First, we have introduced a convenient method for character-
izing the diffusion in device structures. The method is based
on the analysis of the scaling behavior of light-emitting di-
odes, where carrier injection is confined within dimensions
well below 1mm. By a careful control of current spreading,
we have indeed shown that the current-voltage and light-
current characteristics are entirely determined by the diffu-
sion of carriers in the active region, which allows the mea-
surement of the diffusion length. Second, we have performed
a comparative investigation of diffusion in semiconductor
heterostructures having different dimensionality: quantum
wells, quantum dots, and disordered quantum wells. Signifi-
cant in-plane diffusion(diffusion length Ld<2.7 mm) in
high-quality InGaAs/GaAs quantum wells results in bad
scaling in current-voltage(current does not scale with the
device area) and light-current characteristics(efficiency de-
creases as the area is reduced). In contrast, in-plane compo-
sitional fluctuations in quantum dots and disordered quantum
wells are effective in suppressing carrier diffusion
(Ld,100 nm in QDs andLdø200 nm in DQWs). The in-
crease of the diffusion length with increasing carrier density
in disordered QWs shows the filling of localized energy
states in the band tail and the population of higher energy
delocalized levels. Beside the fundamental interest in diffu-
sion processes in semiconductor heterostructures, these
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results show that the control of carrier diffusion, provided,
e.g., by quantum dots, is essential to fabricate efficient de-
vices (LEDs, lasers) with dimensions in the submicrometer
scale. In particular, the possibility of injecting current in a
submicrometer area is relevant for the realization of ultralow
threshold lasers and efficient, single QD LEDs to be used as
single-photon sources for quantum communication.
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