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a b s t r a c t

We investigate the impact of surface defect density on the transport properties of molecular beam

epitaxy grown InGaAs/AlInAs Quantum Cascade (QC) structures. We examine six parameters of the

current–voltage (IV) characteristics of the QC mesas: turn-on voltage, turn-on current density, turn-on

differential resistance, differential resistance, cut-off voltage, and cut-off current density. The analyses

all six parameters are only weakly correlated to surface defects. The turn-on voltage and current

density share a negative correlation with defects (4�0.26) in both pulsed mode and CW operation at

80 K, and a positive correlation in pulsed mode at 300 K (o0.21). The cut-off voltage has a positive

correlation in all three modes of operation (o0.51). The cut-off current density has a positive

correlation (o0.39) in both pulsed mode (80 K and 300 K) and a negligible correlation in CW operation

(80 K). We observed insignificant correlation coefficients (o0.1) for differential resistances at 80 K

along with a weak negative correlation (4�0.29) in pulsed mode at 300 K. Our analysis demonstrates

that shallow oval and a few deep oval defects have little influence on IV.

& 2012 Elsevier B.V. All rights reserved.
1. Introduction

Quantum Cascade (QC) lasers are promising mid-infrared light
sources for gas sensing, free-space communication, and medical
diagnostics due to their small size, high performance at room
temperature, and the possibility to tailor their emission wave-
length. QC lasers are typically fabricated using InP- or GaAs-based
III–V semiconductor quantum well heterostructures. State-of-the-
art performance QC lasers can be grown by either molecular beam
epitaxy (MBE) or metal organic chemical vapor deposition
(MOCVD). It is well known that MBE-grown GaAs and related
heterostructures can contain a large number of macroscopic
defects, so called oval defects, with sizes ranging from a few to
several tens of microns and the surface density varying from 102

to 105 cm�2 [1–4]. Studies on threading dislocation and oval
defects have revealed that defects influence the electrical prop-
erty of the device [5–7]. However, the effect of defects on
electrical properties of QC devices is still unknown. The perfor-
mance variation of QC devices fabricated on a given wafer can be
due to the inherent property of QC structure and the non-inherent
ll rights reserved.
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properties such as defects. Thus, it is necessary to examine how
much defects influence the performance of QC device. Here, we
describe the dislocation and surface defects observed in an InGaAs/
AlInAs QC structure grown by MBE and the effect of macroscopic
surface defects on current–voltage (IV) characteristics.
2. QC structure and characterization of defects

The MBE grown QC structure studied here has In0.52Al0.48As and
In0.53Ga0.47As lattice matched to a low doped (n�1�1017 cm�3)
InP substrate. It has the same active core structure reported in
Ref. 8.The Si doping is 3�1017 cm�3, instead of 1.5�1017 cm�3 in
the same layers in the injector region. The structure consists of 55
stages of repeated alternating active and injector regions, inserted
between a 0.6 mm thick In0.53Ga0.47As lower waveguide layer
(doped n�6�1016 cm�3) and a 2 mm thick In0.53Ga0.47As upper
waveguide layer (doped n�6�1016 cm�3). The upper waveguide
is followed by a 0.6 mm thick In0.53Ga0.47As plasmon layer (doped
n�5�1018 cm�3) and a 0.05 mm thick In0.53Ga0.47As contact layer
(doped n�2�1019 cm�3).

To examine the dislocation in a QC structure, a Philips CM200
FEG-TEM transmission electron microscope is used. The samples
are prepared by cleaving, polishing, cutting with ultrasonic disk
cutter, embedding into metal tube, thinning down to about
100 mm and finally ion milling. A dislocation observed in a
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QC structure is shown in Fig. 1. The dislocation runs through
multiple periods of active and injector regions. In the region about
25 nm wide along the misfit plane, the thickness and the direction
of QC layers change, indicating that the dislocation adversely
affects the desired QC structure. The dislocation in Fig. 1 is tilted
about 601 to the normal surface of epilayers and runs through the
active core. We estimate that the distorted region due to a single
dislocation line can occupy up to 0.06% of a 190 mm diameter
round mesa.

We observed two types of macroscopic surface defects. Deep
defects are highly visible while shallow defects are seen as surface
roughness (Fig. 2(a)). The typical size distribution of both defects
is presented in Fig. 3. The number of deep defects is 0–8 per
device while the number of shallow defects can be up to 36 per
device. In order to inspect the cross-sectional view of a repre-
sentative macroscopic surface defect, a FEI Strata TM DB 235
focused ion beam (FIB) milling tool was used to drill the wedge
holes. Scanning electron microscope (SEM) images of the cross-
sectional surface walls are taken by a high performance Quanta
200 FEG ESEM. As shown in Fig. 2(b), a cavity beneath the deep
defect implies that the defect originates at the QC active core. This
kind of cavity is not observed for the shallow defect (Fig. 2(c)).
The SEM image indicates that the shallow defects originate only
near the surface. This wafer was processed into round mesas with
190 mm diameters and 10 mm height. In order to record the defect
density, each mesa is photographed using an optical microscope.
Fig. 1. TEM image of dislocation in quantum cascade structure.

Fig. 2. Optical microscope image (top view) of a mesa with two types of defects (a).

defect (c).
In QC lasers, electrons from the injector regions are trans-
ported into the active regions by phonon-assisted scattering and
resonant tunneling between the injector ground level and the
upper laser level. There, they make radiative transitions from
upper to lower laser states, and eventually enter the next injector
regions. The efficient electron transport into the active region is
an important mechanism governing QC laser performance bench-
marks, such as wall plug efficiency [9]. The electron transport
properties can be inferred from IV curves. To determine how
IV curves vary with the number of defects, six parameters in the
IV curves are studied as illustrated in Fig. 4. Turn-on voltage, turn-
on current density, cut-off voltage, and cut-off current density are
calculated from the highest curvature points within certain
regions of interest on the IV curves. Turn-on voltage is the voltage
required to enable electron transport [10]. As the applied voltage
keeps increasing, the QC device eventually encounters the cut-off
voltage at which the ground state in the injector is no longer
aligned with the upper laser state, forming a kink in the IV.
Eventually, the ground state in the injector aligns with higher
states above the upper laser state and the current flows again.
Turn-on and cut-off current densities are physical parameters
corresponding to the above two voltages. Differential resistances
before and after turn-on voltage are computed from linearly
fitting the slope of IV curves in the corresponding regions. The
current flow through the device before the turn-on voltage is
negligible. Once the applied voltage is above the turn-on voltage,
the device becomes highly conductive. In this region, differential
resistance originates mainly from the waveguide layers and the
active region where resistivity is mainly governed by tunneling
and the scattering time.
SEM image of the cross-sectional view of a large/deep defect (b) and a shallow

Fig. 3. Defect size distribution taken from 10 representative mesas.



Fig. 4. Typical IV curves of a 190 mm diameter mesa with quantum cascade

structure at three modes of operations and the six parameters systematically

investigated. In continuous wave (CW) operation, the device eventually broke

down at a certain voltage.

Fig. 5. Experimental results for devices operated in pulsed mode at 80 K describing

density (b), turn-on differential resistance (c), differential resistance (d), cut-off voltag
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3. Results and discussion

We performed forward bias experiments on pulsed mode
operation at both 80 K and 300 K heat sink temperatures and
continuous wave (CW) operation at 80 K. The experimental result
on pulsed mode operation at 80 K is shown in Fig. 5 and a
summary of the analysis is presented in Table 1. While the
turn-on voltage slightly decreases with increasing number of
defects, the turn-on current density decreases considerably.
the correlation between surface defects and turn-on voltage (a), turn-on current

e (e), and cut-off current density (f).

Table 1
Summary of experiments with pulsed mode operation (T¼80 K).

Parameters Linear slope Mean values Correlation

coefficient

Turn-on voltage �0.008 V/defect 10.8 V �0.22

Turn-on current

dsensity

�1 A/cm2 defect 130 A/cm2
�0.26

Turn-on differential

resistance
10 O/defect 4943 O 0.043

Differential

resistance
0.0004 O/defect 8.6 O 0.005

Cut-off voltage 0.05 V/defect 19.5 V 0.51

Cut-off current

density

8 A/cm2 defect 2820 A/cm2 0.39



Table 2
Summary of experiments with pulsed mode operation (T¼300 K).

Parameters Linear slope Mean values Correlation

coefficient

Turn-on voltage 0.005 V/defect 9.9 V 0.18

Turn-on current

density

2 A/cm2 defect 680 A/cm2 0.21

Turn-on differential

resistance
�0.2 O/defect 101 O �0.2

Differential

Resistance
�0.03 O/defect 13 O �0.29

Cut-off voltage 0.01 V/defect 17.6 V 0.25

Cut-off current

density

5 A/cm2 defect 2530 A/cm2 0.29

Table 3
Summary of experiments with CW mode operation (T¼80 K).

Parameters Linear slope Mean values Correlation

coefficient

Turn-on voltage �0.007 V/defect 11.7 V �0.23

Turn-on current

density

�2 A/cm2 defect 570 A/cm2
�0.17

Differential

resistance
�0.009 O/defect 2 O �0.036

Cut-off voltage 0.02 V/defect 11.8 V 0.2

Cut-off current

density

�3 A/cm2 defect 1760 A/cm2
�0.064
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When the number of defects is increased by 20, the turn-on
voltage and current density decrease by 1.5% and 15.4% respec-
tively with data variation of 10.1% and 98.9%. The negligible
correlation coefficients (o0.1) for differential resistances indicate
that defects are not the cause of resistance variation. The turn-on
differential resistance varies by 249% and the differential resis-
tance has a variation of 26%. However, the cut-off voltage and
current density share a moderate positive correlation (0.51 and
0.39 respectively) with the number of defects. For an increase in
20 defects, the cut-off voltage and current density increase by 5%
and 4.3% respectively while data variations of these are 15.5% and
20.2% respectively. The turn-on current density and turn-on
differential resistance have large spreads in data due to the
fluctuations in the low current regime.

Table 2 shows a summary of the analysis for room tempera-
ture pulsed mode operation (see also Supplementary information,
Fig. S1). The correlations between all six parameters and defects
are low (correlation coefficient magnitude o0.3). Adding 20
defects will cause the turn-on voltage and the turn-on current
density to rise by 1% and 5.9%, the turn-on differential resistance
and the differential resistance to drop by 4% and 4.6%, and the
cut-off voltage and the cut-off current density to surge by 1.1%
and 4% respectively. The changes are smaller than 9.9%, 46.2%,
31%, 22.5%, 10.7% and 23% data variations of the turn-on voltage,
the turn-on current density, the turn-on differential resistance,
the differential resistance, the cut-off voltage, and the cut-off
current respectively. These large data variations are of concern.

Finally, CW operation at 80 K is performed on a different set of
mesas and a summary of the analysis is presented in Table 3 (see
Supplementary information, Fig. S2). In CW measurement, 28% of
the mesas failed, but we did not detect any dependence of device
failure on both types of surface defects. Due to the limitation of the
CW power source, we could not reliably determine the turn-on
differential resistance. Again, the correlations between all five
parameters and defects are low (correlation coefficient magnitude
o0.3). The differential resistance and the cut-off current density
have no dependency on defects. Meanwhile, for a 20 defect increase,
the turn-on voltage and the turn-on current density decrease by
1.2% and 7%, and the cut-off voltage increases by 3.4% compared
with a 3.5%, 27.8% and 10% variations in respective parameters.

Data variation in our measurement comes from computational
uncertainty introduced by the measurement noise and the gold
wire length disparity. From our analysis, it is clear that defects’
influence on IV is much smaller than the data variation from
intrinsic or spurious sources. It is because the deep defects occupy
a tiny fraction of a device’s total volume (five deep defects, each
with 14 mm diameter, will be only 2.7% of device volume) while
shallow defects do not provide any contribution to the IV because
they do not originate in the active core as shown by the SEM
image. However, due to their places of origin, it can be concluded
that these defects will scatter the light generated in the device.
4. Conclusion

A TEM image of dislocation and the cross-sectional SEM
images of macroscopic surface defects in InGaAs/AlInAs QC
structure grown by MBE are presented. IV curves of mesas with
different numbers of defects are characterized and six parameters
on the IV curves are analyzed. Our data establish that surface
defects have little effect on the electrical properties of QC lasers.
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