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In this paper we investigate interband cascade type-II mid-wavelength infrared InAs/GaSb superlattice detec-
tor in temperature range from 200 K to 300 K. The paper is based on the theoretical calculation of dark current
treated as a sum of two components: average bulk current and average leakage current, flowing through the device.
The average leakage current results from a comparison of theoretically calculated bulk current and measured one.
We show that it is possible to fit theoretical model to experimental data, assuming that transport in absorber is
determined by the dynamics of the intrinsic carriers. Based on the fit we estimated carrier lifetime greater than

100 ns in temperature range 200-300 K.
DOI: 10.12693/APhysPolA.132.1415

PACS/topics: 73.40.Mn, 73.61.Ey, 78.30.Fs, 85.60.Bt, 85.60.Gz

1. Introduction

In recent years, there have been strong efforts in the
development of photodetectors sensitive to infrared radi-
ation. One of the most important steps in the fabrication
process of such photodetector is the proper design of the
structure, so that the detectors are able to correctly op-
erate at room temperatures or temperatures reached by
thermoelectric coolers. Such devices have a magnitude of
applications. The current development of infrared detec-
tion generally allows to choose between the two groups of
materials for infrared detectors: detectors based on II-
VI materials (mercury cadmium telluride) [1] and III-V
materials [2, 3]. In the second group of materials inter-
subband quantum well infrared photodetectors (QWIPs)
and materials such as InAs, GaSb, AlSb and their related
alloys can be distinguished. InAs/GaSb superlattice is
now considered as a new material system for the fabri-
cation of infrared photodetectors, which may be able to
achieve better performance than mercury cadmium tel-
luride. Moreover, the cascade configuration allows a more
efficient use of the incident photons because the absorbers
can be kept shorter than the carrier diffusion length and
in this type of photodetectors the absorption efficiency
is effectively increased. In interband cascade photode-
tectors (ICPs) each stage is divided into three regions
according to the processes as follows: (1) absorption, (2)
carrier relaxation and (3) tunneling transport, as shown
in Fig. 1. In ICPs carriers flow in one direction depend-
ing on its type. This is achieved with the use of unipolar
barriers. The individual absorber is sandwiched between
wider bandgap electron and hole barriers. The relaxation
region consists of multiple QWs with energy levels, which
form an energy ladder for directing and facilitating elec-
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tron transport to the right. The conduction bands and
the valence bands of adjacent absorbers are connected in
series using an interband tunneling heterostructure [4].
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Fig. 1. General schematic for interband cascade detec-
tors.

In this paper, we report on interband cascade mid-
wavelength infrared (MWIR) detector based on type-II
InAs/GaSb superlattice (T2SL). We present perfor-
mance, based on current—voltage (I—U) characteristics
and spectral characteristics obtained for such cascade
structures. Moreover, theoretical calculations of dark
current in multi-stage interband detector are presented.
Dark current in this paper is treated as a sum of two
components: average bulk current and average leakage
current. We compare this theoretical data to experimen-
tal results and discuss about the potential performance
of such detectors.

2. Device design and fabrication

Examined structure was fabricated in Center for High
Technology Materials, University of New Mexico, Albu-
querque, New Mexico. The device was grown on Te-
doped (100) GaSb substrate using molecular beam epi-
taxy. The detailed growth procedure is described by Gau-
tam et al. [4]. The schematics of the measured and de-
scribed detector is illustrated in Fig. 2.

The device consists of 120 periods of 12.5 monolay-
ers (12.5 MLs) of InAs/5 ML AlISb as the bottom con-
tact layer. This layer is followed by relaxation region.
The total thickness of each transport region is 75 nm.
All the layers in the barriers and absorbers are non-
intentionally doped regions. In the analyzed tempera-
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ture range from 200 K to 300 K, the transport in ab-
sorber is determined by the dynamics of intrinsic carri-
ers, e.g. n;(300 K) = 8.87 x 10?1 m~3 [6]. Each ab-
sorber is composed of a 28 periods InAs/GaSb (nine/nine
monolayers) T2SL. The total thickness of each absorber
d is about 153 nm. Diffusion length is expected to be
longer than the absorber thickness. The absorbers for
each stage are made identical in order to keep the ma-
terial growth simple. Relaxation region, barrier region
and absorber form a single-stage interband cascade re-
gion. Investigated structure consists of seven such areas.
The structure is terminated by GaSb:Be which formed a
p-type contact layer.

The measured detectors were the same size, the elec-
trical detector area is 1.60 x 10~7 m? while the optical

area is equal to about 3.14 x 1078 m?2.
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Fig. 2. Structural schematic of the MWIR T2SL cas-
cade detector.

3. Experimental results

8.1. Spectral characteristics

The spectral responsivity of investigated detector has
been observed in temperature range of 7' = 200—300 K.
These characteristics are shown in Fig. 3. The Fourier
transform infrared (FTIR) spectrometer was used to per-
form the spectral measurements. The peak responsivity
for T'= 200 K and T = 300 K reaches about 0.25 A/W
and 0.2 A/W, respectively. Based on the graph below
it can be seen that tested detector has an extremely low
sensitivity compared to the values published in the liter-
ature [7]. Furthermore, the responsivity of the detector
decreases slightly with increasing temperature, which is
related to the change in the diffusion length.

The cut-off wavelength was not found to be changing
significantly for unbiased and biased conditions. This
parameter is decreasing with the temperature assuming
Ae = 5.24 — 4.81 pm at 300 K and 200 K, respectively.
We use these values for the bandgap calculations. The
variation of the bandgap of T2SL InAs/GaSb with tem-
perature is described by linear-quadratic relation pro-
posed by Varshni [§]:

aT?

Ey(T) = Ego — T+ Ty

(1)
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Fig. 3. Current responsivity of T2SL InAs/GaSb
MWIR cascade detector at zero bias voltage.
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Fig. 4. Fitting curve using the Varshni equation:

bandgap versus temperature for T2SL InAs/GaSb cas-
cade detector.

where Tj is a constant [K]|, Ey is the width of the semi-
conductor bandgap at 0 K [eV], « is a fitting parameter
[eV/K] and T is the temperature [K]. The fitting param-
eters in the Varshni formula are assumed to be equal to
Ey = 028 ¢V, a = 4 x 107* eV/K and T, = 550 K.
Figure 4 shows the dependence of energy bandgap on
temperature. Solid lines are plotted using the Varshni
formula.

3.2. Flectrical characteristics

The dark current characteristics as a function of bias
voltage for selected temperatures in the range from 200 K
to 300 K are shown in Fig. 5. For the bias voltage value
of —-0.01 V, at temperature 300 K, the dark current is
equal to 3.19 x 1075 A, while at temperature 200 K, the
dark current reaches 2.46 x 107¢ A. A dark current is
sensitive to a bias voltage across entire range of applied
reverse bias and does not saturate for all investigated
temperatures. We think that high value of dark current is
the result of defects-assisted tunneling and large surface
currents (leakage currents).
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Fig. 5. I—-U characteristics of T2SL InAs/GaSb
MWIR cascade detector.
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Fig. 6. Characteristic of dark current versus tempera-

ture at —0.1 V of applied bias.

Figure 6 shows the Arrhenius plot of dark current ver-
sus temperature at —0.1 V of applied bias. It is shown
that at high temperature range, between 250 K and
300 K, an activation energy is higher than at low temper-
ature range, between 245 K and 200 K. The activation en-
ergy of 162 meV (= E,/2) indicates that in this tempera-
ture range (250-300 K) the dominant dark current mech-
anism is a Shockley-Read-Hall (SRH) recombination. At
low temperature range (200245 K) an activation energy
of 108 meV is lower than E,/2 and it typically indicates
that current flows through leakage channels. Activation
energies are estimated for different values of applied bias
and for all of those voltages are almost the same.

4. Modeling of current—voltage characteristics

We make an effort to model and thus clarify the I-U
characteristics simultaneously comparing it with the ex-
perimentally measured. In order to explain /—U charac-
teristics of ICPs the theoretical dark current model pro-
posed by Hinkey and Yang is used [9]. The transport
region plays a role similar to the depletion region in a
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conventional p—n junction to direct current in one direc-
tion. Therefore, the average bulk dark electrical current
that flows through the device is given by Eq. (2). Be-
cause the investigated structure has seven identical stages
(Ns; = T7), it should be noted that the current flowing
through each of them will be equal.

1 sinh(d/L)
N, cosh (d/L)

(o) )

where e, L, 7, kg and [ are elementary electric charge,
ambipolar diffusion length, carrier lifetime, the Boltz-
mann constant and diode ideality factor, respectively.
Diffusion length and diffusion coefficients are connected
with carrier lifetime 7 by the Einstein relation. The am-
bipolar diffusion length is given by
L=L,=1L,=VDr. (3)
The ambipolar diffusion coefficient D is defined as:
D— 2D.Dy, @)
De + Dy
where D, and Dy, are electron and hole diffusion coef-
ficients, respectively. Both diffusion coefficients can be
expressed by

De,h = Mﬁ,hekBT’ (5)
where p. and py are electron and hole mobility, respec-
tively. Carrier mobilities of InAs/GaSb T2SL were mea-
sured by several authors and these values depend on the
accuracy of the measurement method [6, 10-12]. We as-
sume p, = 0.1 m?/(V s) and pp, = 0.01 m?/(V s). Pa-
rameter 3 is estimated at 1.22, because at this value we
obtain the best fitting level in forward bias direction.

Ns
I, (U) = 2en; LT~} Z

Based on the estimated values of the energy gap from
the Varshni formula (see Eq. (1)) we calculate theoretical
intrinsic carrier concentration from the following relation:

orks\ "7 L o7 E
n; =2 ( e ) (mim})> " TS exp ﬁ . (6)
Effective electron m} and hole mj masses are calculated
according to

* __ 3 * 2, %
Me p = A/ e p)| Me,nL> (7)

where in-plane m} Al and growth mg,, direction ef-

fective masses for this structure are equal to: m* ol =
0.0235mg, m., = 0.0275my, mh” = 0.0342mg and
m}, = 79.8mg [13].

Because the tunneling effects are not included in our
theoretical calculation of bulk current I, we compare
those results with experimentally measured current and
value of average leakage current I;. The current that
flows through the structure is given by

I=1+1I. (8)
As can be seen from the above formulae, the correct fit of

the theoretical I—U characteristics to the experimentally
measured requires knowledge of the carrier lifetime. The
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correct estimation of carrier lifetime is very difficult. For
this purpose, simultaneously with the change of carrier
lifetime the dependence of leakage current I on bias volt-
age U was investigated. The existence of leakage currents
leads to the linear dependence on bias voltage. Desired
character of changes is obtained only for a narrow range
of 7 values. Figure 7 shows the change in the leakage
current as a function of applied voltage for different car-
rier lifetimes at 300 K. The best value of carrier lifetime
at 300 K is equal to 108 ns. The present character of
changes is examined for temperature range from 200 K
to 300 K.
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Fig. 7. Leakage current as a function of applied voltage
for three different carrier lifetimes at 300 K with trend
line equation for 72 = 108 ns.

5. Results

Figure 8 shows the magnitude of the bulk current and
leakage current, which affects the shape of the total dark
current flowing through the device at 200 K and 300 K.
The dots in Fig. 8 show experimentally measured points
which correspond to Fig. 5. As can be seen, in the voltage
range from —0.5 V to 0.1 V experimental results do not
vary significantly from the calculated theoretical values.

The calculated fitting parameter (carrier lifetime)
changes versus temperature are shown in Fig. 9. The
carrier lifetime increases from 108 ns to 135 ns while
temperature decreases from 300 K to 200 K. According
to our calculations the ambipolar carrier diffusion length
L =7.12x107% m at 300 K is comparable to the absorber
thickness 7d = 1.07 x 107 m (7d/L < 1).

Percentage share of leakage current increases with de-
creasing temperature, e.g. at 300 K the leakage current
is 32% of the total theoretical current flowing through
the device, while at 200 K increases to 72% (see Fig. 10).
At temperature 235 K leakage current is equal to bulk
current. Thus, measured low sensitivity (see Fig. 3) is
associated with large leakage currents flowing through
the structure.

Figure 11 shows a graph of leakage current I versus
1/kgT. Activation energy is equal to 80 meV. This value
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is comparable to that obtained in Fig. 6 for low tempera-
tures. These results confirm that: leakage currents have
a large impact on the dark current flowing through the
structure, especially at low temperatures.
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Fig. 8. Measured and modeled dark current versus

bias voltage of T2SL InAs/GaSb cascade detector at
200 K (top) and 300 K (bottom).
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Fig. 10. Measured and modeled dark current versus

temperature at applied voltage —0.1 V.
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1/kgT at applied voltage 0.1 V.

6. Conclusions

We investigated current—voltage characteristics of in-
terband cascade type-II MWIR InAs/GaSb superlattice
photodetector in temperature range from 200 K to 300 K.
Based on the theoretical calculation of dark current
treated as a sum of two components: average bulk cur-
rent and average leakage current we fitted our experimen-
tal data to theoretical model, assuming that transport
in absorber was determined by dynamics of the intrinsic
carriers. Proper fit of the theoretical and experimentally
measured characteristics was reached. Based on the fit we
estimated carrier lifetime changing from 108 ns to 135 ns
in the temperature range 300-200 K. The ambipolar car-
rier diffusion length resulting from the estimated carrier
lifetime was comparable to the total absorber thickness.
Our result showed that leakage currents have a large im-
pact on the dark current flowing through the structure,
especially at low temperatures. Thus, additional chan-
nels of leakage current lead to higher dark current lev-
els. Our current work will be concentrated on identifying
these additional channels of leakage current.
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