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Electrical modeling of InAs/GaSb superlattice mid-wavelength infrared pin
photodiode to analyze experimental dark current characteristics
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Dark current characteristics of 7 Monolayers (ML) InAs/ 4 ML GaSb SL pin photodiodes are
simulated using ATLAS software. Using appropriate models and material parameters, we obtain
good agreement between the simulated and the experimental dark current curves of photodiodes
grown by molecular beam epitaxy. The n-type non-intentionally-doped (nid) SL samples exhibit a
dependence of the lifetime with temperature following the T= law, signature of Shockley-Read-
Hall (SRH) Generation-Recombination current. We also studied the dependence of the dark current
with the absorber doping level. It appears that the absorber doping level must not exceed a value of
2% 10" cem™>, above this value the dark current is increasing with increased doping level.
However for this doping value, a dark current as low as 5 X 107° A/cmz, at 50mV reverse bias at
77K can be obtained. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4895983]

I. INTRODUCTION

Since the type-II InAs/GaSb superlattice (SL) has been
proposed as a material for infrared (IR) detection,' high per-
formance focal plane arrays in both the mid-wavelength infra-
red (MWIR)H and long-wavelength infrared (LWIR)5 6
spectral bands have been demonstrated. Thanks to the high
effective mass and the band structure engineering, the tunnel-
ing currents can be reduced' and the Auger recombination can
be suppressed’ making the SL an alternative to mercury cad-
mium telluride (MCT) for IR detection.

Another advantage offered by the SL is the possibility
to choose different period compositions for a given wave-
length. Recent works demonstrate the strong influence of
the InAs/GaSb SL period thickness and composition on
both material properties and photodetector performances.®
By the choice of an asymmetric SL period with thicker
InAs layer than GaSb layer (also called InAs-rich SL struc-
ture), the dark current can be reduced by a factor 4 com-
pared to a symmetric SL period (same InAs and GaSb layer
thicknesses) having the same cut-off wavelength at 5 um
at 77 K.

In order to understand and explain the performances of
the InAs-rich SL structure, we report in this paper the results
of electrical modeling using the ATLAS software from
SILVACO. ATLAS is a commercially available physically
based device simulator often used for the simulation of III-V
devices, in particular for IR detectors.”' Electrical model-
ing with analytical expressions of the dark current compo-
nents, of MWIR (Ref. 11) and LWIR (Refs. 12 and 13) SL
photodiodes, has already been reported in the literature. The
advantage of using ATLAS rather than analytical expres-
sions is that by approximating the operation of a device onto
a two or three dimensional grid and by applying differential
equations derived from Maxwell’s laws onto this grid, it can
predict electrical characteristics by specifying the physicals
structure at specified bias conditions. This permits to simu-
late more accurately the device performances and therefore
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not to have to approximate and derivate expressions for
dark-current simulation.

The main objective of this paper is to use the simulation
as a tool to understand and analyze the electrical performan-
ces of the InAs-rich SL. The model used for the simulation
of the dark current-voltage (J-V) characteristics of SL photo-
diodes is depicted in section II- and section III- describes the
InAs-rich SL structure and the associated material parame-
ters used in ATLAS simulation. Section IV compares
simulated J-V curves with experimental results obtained on
non-intentionally doped (nid) and p-doped SL photodiodes
fabricated by molecular beam epitaxy (MBE). The compari-
son allow analyzing the dark current mechanisms limiting
the electrical performances of MWIR SL photodiodes.

Il. MODEL FOR DARK CURRENT SIMULATION

The dark-current of an InAs/GaSb SL photodiode under
moderate reverse bias is mainly limited by the generation-
recombination (GR) current at low temperature and by the
diffusion current at high temperature.'* In addition, under
some conditions of reverse bias and residual doping level,
the trap-assisted tunneling and the band-to-band tunneling
can affect the dark current.

The diffusion current contribution is due to the transport
of thermally generated minority carriers from the quasi-
neutral regions to the junction. It is obtained by solving the
drift-diffusion model using the following expression:

Jn.,p = q(n,p)un,pE * an,pvn,m (1)

where J represents the current density, q is the electronic
charge, u is the mobility, E is the electric field, D is the diffu-
sion constant and n,p are the electron and hole concentration,
respectively. The subscripts n and p are used to denote elec-
tron and hole components.

The generation-recombination process in the depletion
region is due to the presence of traps within the forbidden

© 2014 AIP Publishing LLC
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gap of the semiconductor. It is described by the Shockley-
Read-Hall (SRH) recombination rate'>'¢ as,

2
pn — n;

Eirap —Evgp
Tp |1+ njexp T + T, | p + n;exp T,
L
(@)

where n, p and n; are the electron, the hole and the intrinsic car-
rier concentration, respectively. Ey, is the difference between
the trap energy level and the intrinsic Fermi level, k is the
Boltzmann constant and Ty is the lattice temperature. t, and t,,
are the electron and hole carrier lifetime which are set equal.

Rspy =

)
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The GR current density is simply given by:

Jor = q JRSRdea 3)
W

with W the depletion width.

The trap-assisted tunneling (TAT) current is also mod-
eled by including a field effect factor I" to modify the life-
time in Eq. (2) according to Hurkx er al.'” This field effect
enhancement factor I" includes the effect of phonon assisted
tunneling on the emission of electrons and holes from a trap.
The recombination rate expression becomes:

pn — n?

Rsry =

Tp ) Etmp
N {n + n; exp(kTL

with I',,  the field-effect enhancement term given by:

1

AE, , AE

L,,= 1 J exp <kT"pu — K,,_y,,bﬁ) du, )
L

where AE, , is the energy range in which the tunneling can
occur for an electron or a hole, and u is the integration vari-
able. K, , is defined as:

B i A /Z.mt.AEﬁ_p
Knp - (6)

3 h ’
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with m, the tunneling mass, E is the electric field and h the
Plank’s constant.

This approach, combining GR and TAT currents, was
recently used to explain the electrical performances of
LWIR unipolar SL detectors.'®

There are two ways (local or non-local), available in
ATLAS, to model the band-to-band tunneling (BTB) pro-
cess. The local model calculates a recombination-generation
rate at each point based solely on the value of the localized
field on this point. To model the tunneling process more
accurately, we used the non-local model which takes into
account the spatial variation of energy bands and that the
generation-recombination of opposite carrier types is not
spatially coincident.

lll. InAs/GaSb SL STRUCTURE AND MATERIAL
PARAMETERS

The InAs/GaSb SL P-i-N structure studied in this work is
depicted in Figure 1. It consists of a 200nm thick p-doped
(P~1 x 10" cm™) GaSb buffer layer, followed by a 60nm
thick p-doped (P~ 1 x 10" cm ™) InAs/GaSb SL, a 500 nm
thick non-intentionnaly doped (nid) InAs/GaSb SL active
region, a 60 nm thick n-doped (N ~ 5 x 10'” cm ™) InAs/GaSb

+—" | p+nexp “Ea) |’
1+ T, ' KTy

“4)

SL, and a 20nm Te-doped (N~ 5 X 1017cm73) InAs contact
layer. The period of the InAs/GaSb SL is composed of 7 ML
of InAs and 4 ML of GaSb (InAs-rich SL). To avoid large run-
times, the simulated structures have been limited to a 1 um X
1 um cross section while actual mesa diodes with circular
cross-section of diameter from 60 um up to 310 um have been
fabricated. Some intrinsic properties of the SLs, i.e., the elec-
tronic transport inside minibands, cannot be directly simulated
by ATLAS. The material is thus defined as a bulk material,
instead of a periodic stack of thin layers, with selected
parameter values which are described in the next paragraph.
After defining the different regions, the material parame-
ters for the modeling must be specified. For the two binaries,

CapInAs n‘=5el7cm’ (20nm)

7 MLInAs/4 GaSb n'=5e17cm” (60nm)

Active region

7 ML InAs/4 GaSb n.i.d (500nm)

7 ML InAs/4 GaSb p'=1el8cm’ (60nm)

Buffer GaSb p'=lel8cm~  (200nm)

FIG. 1. Simulated SL pin structure.
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InAs and GaSb, we used the values proposed by the ATLAS
manual.' The material properties of the SL not only depend
on the energy bandgap, but also on the period average compo-
sition and thickness, and it is thus difficult to draw up an ex-
haustive list of parameters. In the case of thick SL periods, the
material can be seen as a multi-quantum well, with localized
carriers having a 2D density of states. Of course, the transport
modeling in these SLs must take into account all the effect due
to the localization of the carriers. In our case however, the SL
period is only 11 MLs thick, close to the digital alloy (about 8
MLs according to Ref. 20). We thus made the assumption that
the minibands are relatively large, and that the transport prop-
erties could then be reasonably approached by defining our
material as a bulk, with a 3D behavior. Some parameters were
found experimentally: the SL band gap and the associated
Varshni’s parameters® were determined by photoluminescence
(PL) measurement, the residual background concentration
of the non-intentionally doped region was extracted from the
(A/C)? curve,*! and the type of the SL minority carriers can be
assessed using Hall effect.”> On the other hand, some physical
parameters of the superlattice were calculated as a weighted
average of InAs and GaSb bulk values, like the electron affin-
ity, the permittivity, the effective mass of the holes and the
electron and hole mobility. The lifetime of the minority car-
riers™** and the effective mass of the electrons®™ were
selected from the existing literature on SL MWIR photodiodes.
Finally, the trap energy level and the tunneling mass were set
as fitting parameters. The parameters chosen for our simulation
for the InAs-rich SL are summarized in Table 1.

IV. COMPARISON WITH EXPERIMENTAL RESULTS
A. Photodiodes with an undoped SL absorber layer

In order to validate the model chosen for the dark-
current simulation with the defined material parameters, a set
of four InAs-rich SL samples have been fabricated with a
period structure close to the one depicted in the previous
paragraph. They show slightly different bandgaps and back-
ground carrier concentrations, which is interesting to test the
prominence of these parameters compared to the average
composition. The structures were grown in a RIBER
Compact 21 MBE reactor equipped with tellurium and beryl-
lium dopant cells, and valved cracker cells for both arsenic
and antimony. Photoluminescence measurements at 77 K
were made on the four SL samples. Samples A and B exhibit
a PL peak at 5.15 and 5.25 um, respectively, and sample C
and D at 6 ym.

TABLE I. Parameter values used for InAs-rich SL in Atlas simulation.

Parameter Values
Permittivity 15.34 ¢,
Electron affinity 4.73eV
Electron effective mass m, = 0.0254 m,
Hole effective mass my, = 0.245 m,
Electron mobility 2.6 x 10*cm?/V-s
Hole mobility 680 cm?/V-s
Lifetime (T =77 K) 100 ns

J. Appl. Phys. 116, 113101 (2014)

T T T T T
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FIG. 2. Calculated energy band diagram of sample A at T=77K.

From epitaxial SL layers, circular mesa photodiodes were
fabricated using standard photolithography and a mask-set
containing diodes with several diameters from 60 up to
310 um. CrAu was deposited as bottom and top contact metals.
Mesa photodiodes were realized by wet etching, and polymer-
ized photoresist spun onto the surface was used as a protection
from ambient air. More details on the growth and the process-
ing of the devices can be found in Refs. 26 and 27.

Capacitance-voltage (C-V) measurements were per-
formed in order to accurately determine the n-type residual
background concentration of the undoped SL. We found
2.80 x 10", 6 x 10", 1.40 x 10", and 3.50 x 10" cm >
for samples A, B, C, and D, respectively. The band diagram
of the sample A was simulated at 77 K with the experimental
values for the band gap and the residual doping (Figure 2).

The model described in Sec. II was used with m, and
Eyp as fitting parameters, the J-V curves were simulated at
77K with the values summarized in Table II. Note that
regarding the SRH recombination expression (Eq. (4)) there
are mathematically several solution (tsrp; Egrap; my) satisfy-
ing the equation. In order to select the more realistic parame-
ters, the lifetime was fixed to 100 ns as reported in the recent
literature for similar SL material>>** and the corresponding
energy level was found to fit the experimental data. The tun-
neling mass, which plays an important role on the apparition
of the tunneling process, was determined first to fit the exper-
imental curve at high reverse bias.

Results are shown in Figure 3 and compared with experi-
mental curves. We observe a good agreement between the ex-
perimental data and simulation which demonstrates the model
accuracy. We can see from Table II that the tunneling mass

TABLE II. Simulation parameters of samples A, B, C, and D.

Residual
PL peak background Eirap
Sample @77 K (um) concentration (cm ) m, (meV)
A 5.15 2.80 x 10" 0.025 18
B 5.25 6x 10" 0.021 18
c 6 1.40 x 10" 0.022 18
D 6 3.50 x 10" 0.021 18
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0.0

10 -08
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FIG. 3. Experimental (open circles) and simulated (solid line) J-V curves of samples A (a), B (b), C (c), and D (d) at T=77K.

is closed to the calculated SL reduced mass (% = mi + ﬁ;
m,; = 0.023) and appears mostly independent on the wave-
length and the residual background concentration. We also
found that the trap energy level is the same for the four photo-
diodes, located 18 meV away from the intrinsic Fermi level.
The simulation of J-V curves at different temperatures
was also performed. The experimental and the simulated J-V
curves for sample A are plotted in Figure 4, together with the

variation of the dark-current density at =50 mV. m; and E;,

Temperature (K)
250200 150 100
e, u T T T 1

= . O Experimental
el

0.014 o
-
§1E-31‘ 5 = £

E

ST s e mee E
2 1E-44 Ty 1E-4 2
z o
@ S o g
§ 1es] =z
° =
0 1E-6 4 1E6 B
g (2}
©1e74 1e7 3o

1E-8 4 e

a
1E9 ) 1E-9

T T T T T
01 60 80 100 120 140
q/kT

05 04 03 02 04 00
Voltage (V)

FIG. 4. (a) Experimental (open circles) and simulated J-V curves (line) of
sample A at different temperatures. (b) Experimental (open circles) and
simulated (line) current densities at —50 mV as a function of temperature.

were kept constant, while the minority carrier lifetime was
adjusted to fit the measurements. Figure 5 represents the life-
time values found for the simulation, as a function of temper-
ature. Values between 100ns and 50ns are obtained in the
77 to 230K temperature range. The variation of the lifetime
follows a T~ law, which is the signature that SRH genera-
tion is the physical mechanism limiting the lifetime, as al-
ready experimentally observed on LWIR InAs/GaSb SL by
Connelly e al.®® This result also confirms the precision of
the model and of the fitting parameters used.

250

225:
200:
175:
150:
125:
100:
75:
50 * *

25 =

Simulated lifetime (ns)

T T T T T T T T T T
0 50 100 150 200 250 300
Temperature (K)

FIG. 5. Simulated lifetime as a function of temperature (stars) and the
adjusted T7 law (solid line).
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B. Photodiodes with a doped SL absorber layer

It has already been shown that by changing the n-type
polarity to p-type of the SL, higher quantum efficiency can
be achieved thanks to the longer diffusion length when the
minority carriers are the electrons.?” In addition, by increas-
ing the doping level of the absorber layer, the GR current
can be reduced, because it is proportional to 1/v/N (with N
the doping level). However, increasing the doping level also
results in larger tunneling currents due to the increase of the
electric field which may become dominant at some point.*®
Determining the optimum doping level is thus crucial. In
order to study the effect of the absorber doping level on the
electrical performances and material properties, three InAs-
rich SL samples have been grown, with the same structure
already depicted in Sec. III, except for the absorber layer
which is intentionally doped with beryllium.

The three samples exhibit, at 77K, PL peaks at 5.35,
5.45, and 5.35 pum for samples E, F, and G, respectively. The
measured carrier concentration at 77K is 5.8 x 10 ecm ™3, 1
X 1016cm_3, and 4.7 x 10"°cm ™~ for samples E, F, and G,
respectively. For the three structures, the simulated band-
diagram and electric field at 77 K are shown in Figure 6. The
electric field becomes stronger with increased doping level
of the absorber region. This explains the stronger band-to-
band tunneling as illustrated in Figure 7 showing the 77K J-
V curves for the three devices. The simulated BTB has not
exactly the same shape that the experimental curve in partic-
ular for the two most doped samples, which may demonstrate
the limit of simulating the SL quantum structure as if it were
a bulk material. However, it is to be noted that we can accu-
rately predict the bias at which it starts being the dominant
process. Moreover, the fitting parameters used are similar
with those found previously, indicating their accuracy to
describe the InAs-rich SL even though the absorber doping
level and type have been changed.

In Figure 7, we can see that the dark current is degraded
when the doping level of the active region is increased. In
order to explain this result, the GR-TAT current and the
BTB current at —50mV at T =77K as a function of the dop-
ing level (p-type) and for two different absorber thicknesses,
500nm and 4 um, have been simulated using the same

10 T T T T T T T T 1400k
Sample E Sample E
0.8 — — Sample F — — Sample F |l 120 0k
—-— Sample G —-— Sample G
- 100.0k
m
T=77K i @
-80.0k &
ES
Leook B
60.0k =
=<
F40.0k &
2
I-20.0k
a b
-0.6 ) ) 0.0

T T T T T T —* T
0.2 0.4 0.6 08 02 04 0.6 0.8

Position (um) Position (um)

FIG. 6. Simulated band diagram (a) and electric field (b) at 0V at T=77K
of samples E, F, and G.
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A Sample G exp
J — - = Sample G sim
1E—7-i o Sample F exp
j— — Sample F sim
© Sample E exp
Sample E sim

Current density (A/cm?)

40 08 06 04 02 0.0
Voltage (V)

FIG. 7. Experimental (symbols) and simulated (lines) J-V curves at
T =77K of samples E, F, and G.

structure that the one described in Sec. III with a cut-off
wavelength of 5 um at 77 K.

For the sake of comparison, the experimental dark cur-
rent values at —50mV were estimated for a cut-off wave-
length of 5um using the standard analytical relationship
between the GR current and the bandgap. The resulting data
for the undoped (A, B, C, and D) and p-type doped samples
(E, F, and G) are also plotted on Figure 8. The configuration
is different between the two sets of samples, the n.i.d sam-
ples have the P-N junction on the GaSb contact layer side (at
the bottom of the structure), while it is on the InAs contact
layer side for the intentionally p-type doped samples.
However, in both cases, one can consider it is a P-N homo-
junction between the absorber and a highly doped SL, and
despite the fact that the contact doping level for the N-side
(5 x 107 cm ™) and the P-side (1 x 10'®cm™) is different,
the dark current for the undoped and the doped samples can
be compared. Indeed, the doping level of the N and P contact
is much higher than that of the active region; it thus has a
negligible impact on the current density.

1E-4 ———rr —
i Simulation : T=77K
500 nm V =-50 mV
N’E\ 1E-5—§_4 um )\‘C: 5um
2 4
< 1Experimental :
> 1E-63 % Undoped
Z’ * P-type Doped ]
S 1 1
S 1E-74 GR-TAT 'l i
< E 1]
o ] o
S ] BTB
1E-8 4
© 3 % ]
W |
4 1
1E-9 e — ————
1E14 1E15 1E16 1E17

Absorber doping level (cm's)

FIG. 8. Simulated BTB current (dashed line) and GR-TAT current (solid
line) as a function of the absorber doping level for two different thicknesses
500nm (red line) and 4 um (blue line). Experimental dark current of the
undoped (empty stars) and the p-type doped samples (full stars).
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Inthe 1 x 10*em 302 x 10 ecm ™3 range, the thinner
structure is totally depleted (W > 500 nm), and the GR-TAT
current is therefore constant. The depleted region is however
still thinner than 4 um, and the GR-TAT current for the
thicker sample thus follows the classical 1/vV/N law and
therefore increases with decreasing carrier concentration.
However, above this range, the GR-TAT current is increas-
ing with the doping level. Indeed, the field effect factor,
defined in Sec. II, becomes much higher and therefore the
minority carrier lifetime is modified (7 = ffﬁi with Tggy con-
stant with the doping level). In addition, the band-to-band-
tunneling contribution at —50mV is not predominant below
1x 107 em ™.

From the discussion above, it is therefore clear that
improving the electrical performances of this pin SL struc-
ture cannot be achieved by doping the absorber above 2 x
10" cm . The design has to be modified using a structure
keeping the absorber in flat band condition, with majority
carrier blocking layers** or using heterostructures with large
bandgap material in the high electric field region. In this con-
figuration, GR-TAT and BTB current can be greatly reduced,
and an increased doping level directly results in an improved
dark-current through the reduction of the diffusion of the mi-
nority carriers. It is however important to highlight that, de-
spite the relatively low minority carrier lifetime and carrier
concentration, a dark current, at 50 mV reverse bias at 77 K,
comprised between 5 x 10~° A/fem? and 8.5 x 107° A/em?
is obtained for doping concentration in the range of 7 X
10"em 2 and 7 x 10 em ™2,

V. CONCLUSION

In conclusion, a set of several InAs-rich SLs photodio-
des have been fabricated and modeled using ATLAS soft-
ware from SILVACO. By modeling the different
contributions of the dark current, we found a tunneling mass
m, around 0.023 and a trap level located at 18 meV from the
intrinsic Fermi level. Keeping m, and Ey,, constant, we then
studied the temperature dependence of the lifetime. The
simulated lifetime follows a 77 law which is the signature
of an SRH mechanism-limited lifetime. By switching the
n-type polarity of the undoped InAs-rich SL samples to
p-type, the fitting parameters could be kept the same, demon-
strating the good accuracy of the model and the parameters
used. The dark current as a function of the absorber doping
level was also studied. It was shown that for a photodiode
with a cut-off wavelength at 5 yum at 77K, the dark current
increases for doping levels above 2 x 10'”cm ™. However, a
current density as low as 5 X 107° A/cm2 for an absorber
doping level close to 2 x 10'°cm ™ was demonstrated.
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