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GaSb-rich superlattice (SL) p-i-n photodiodes grown by molecular beam epitaxy were studied

theoretically and experimentally in order to understand the poor dark current characteristics

typically obtained. This behavior, independent of the SL-grown material quality, is usually attrib-

uted to the presence of defects due to Ga-related bonds, limiting the SL carrier lifetime. By analyz-

ing the photoresponse spectra of reverse-biased photodiodes at 80 K, we have highlighted the

presence of an electric field, breaking the minibands into localized Wannier-Stark states. Besides

the influence of defects in such GaSb-rich SL structures, this electric field induces a strong tunnel-

ing current at low bias which can be the main limiting mechanism explaining the high dark current

density of the GaSb-rich SL diode. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4948670]

I. INTRODUCTION

Among the high performance cooled infrared (IR) pho-

todetectors, the InAs/GaSb superlattice (SL) material system

is an emerging competitor.1 The particular type-II broken

gap band alignment of the InAs/GaSb SL structure provides

many advantages for IR detection. Through modulating the

periodicity of the constituent SL ratios, the band structure

can be engineered to a specific wavelength over a wide range

of values while maintaining the SL structure lattice matched

to the GaSb substrate2 and reducing the dark current through

the management of Auger recombination rates.3 However,

concerning dark currents, the InAs/GaSb SL has not yet

reached its theoretical predictions nor surpassed those of

mercury cadmium telluride (MCT) detectors.4,5 The main

reason is that the Shockley-Read-Hall (SRH) mechanism

limits the minority carrier lifetime of the SL, which results in

higher current densities than those of MCT. In the midwave

infrared (MWIR) and longwave infrared (LWIR) spectral do-

main, the measured SL minority carrier lifetimes range from

10 ns to about 150 ns at 77 K,6–14 which are significantly

lower than MCT carrier lifetimes.9 For many years, the poor

carrier lifetimes in SL materials have been attributed to

native defects in the GaSb binary layer and other Ga-related

bonds.10,11 As a result, the InAs/InAsSb SL (called “Ga-

Free”) has been considered as an alternative to the InAs/

GaSb SL because of the longer carrier lifetimes of this mate-

rial in the MWIR15 and LWIR.16 Despite this fact, Ga-Free

detector performances have not proved to be superior to

InAs/GaSb detectors.17,18

For a better understanding of the impact of the GaSb

content, we have recently studied the influence of the InAs/

GaSb SL period composition and the thickness on the mate-

rial and device properties.19,20 We found that the SL period

mainly composed of GaSb (hereto referred to as “GaSb-

rich”) has a higher current density than the SL structure

mainly composed of InAs (“InAs-rich”) having the same

cut-off wavelength of 5 lm at 77 K. The current density dif-

ference between these MWIR structures is extremely large

with almost a factor of 50.

In this work, the GaSb-rich SL structure is further stud-

ied in order to understand the poor dark current characteris-

tics typically obtained compared to the InAs-rich

structures. Section II explores the influence of the growth

conditions of the GaSb-rich SL structure on the electrical

performance. The dark current is then analyzed in Section

III with ATLAS simulation software from SILVACO. In

Section IV, spectral photoresponses of the GaSb-rich SL

structures under electric field are reported, highlighting the

main mechanism limiting the electrical performances of

MWIR GaSb-rich SL photodiodes.

II. INFLUENCE OF THE GROWTH CONDITIONS
ON ELECTRICAL PERFORMANCES

Although the minority carrier lifetime can be lower in

the GaSb-rich SL structure than in the InAs-rich one,10 it

cannot itself account for the large difference in current den-

sity values.19 Nevertheless, a possibility is that the molecular

beam epitaxy (MBE) growth conditions used for the InAs/

GaSb SL are not suitable for the GaSb-rich SL, resulting in

extremely low lifetimes. The SL growth temperature is usu-

ally 400 �C in order to maintain a good quality of the InSb-

like interfaces.21 However, the GaSb binary compound is
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usually grown at higher temperature than 400 �C. The opti-

mal growth temperature of the GaSb-rich period could there-

fore also be higher. As such, we studied higher growth

temperatures (450 �C) of GaSb-rich SL in order to improve

the current density values. Because the InSb-like interfaces

are degraded at 450 �C, the shutter sequences employed dur-

ing the growth were first adapted to grow the GaSb-rich SL

structures at high temperatures.

We then compared the electrical performances of two

similar GaSb-rich SL p-i-n photodiodes grown at different

substrate temperatures (Tgrowth) in a RIBER Compact 21

MBE reactor. Sample A was grown at 450 �C with optimized

growth conditions for high temperature and sample B at

400 �C using usual growth conditions.21 The GaSb-rich SL

p-i-n structures studied consist of a 200 nm thick p-doped

(P� 1� 1018 cm�3) GaSb buffer layer, followed by a 60 nm

thick p-doped (P� 1� 1018 cm�3) InAs/GaSb SL, a 500 nm

thick non-intentionally doped (nid) InAs/GaSb SL active

region, a 60 nm thick n-doped (N� 5� 1017 cm�3) InAs/

GaSb SL, and a 20 nm Te-doped (N� 5� 1017 cm�3) InAs

contact layer. The InAs/GaSb SL period of the active region

is composed of 11 monolayers (MLs) of InAs and 20 MLs of

GaSb, for a cut-off wavelength at around 4.75 lm at 77 K.

To validate the structural quality of the two samples, the

surface morphology has been observed by the atomic force

microscope (AFM) on a 2 lm� 2 lm scan area (Figure 1).

Excellent root mean square (RMS) surface roughness values

were obtained and atomic steps were clearly observed.

Circular mesa photodiodes were then fabricated using

standard photolithography procedures. Mesa photodiodes

were realized by wet-etching and the polymerized photore-

sist was subsequently spread onto the surface to protect the

samples from ambient air.22

Current density voltage characteristics were measured

using a Keithley 6571A electrometer. The current density of

samples A and B under dark conditions at 77 K is reported in

Figure 2. As a bench mark comparison, the dark current den-

sity of an InAs-rich SL pin photodiode, having a cut-off

wavelength of 5.15 lm at 77 K,23 is also plotted. It can be

seen that the reverse dark current for both GaSb-rich struc-

tures is close. While the growth conditions were optimized at

high temperature, the dark current of the GaSb-rich photo-

diode has not been improved. Despite the very different

growth conditions (substrate temperature, shutter sequence),

the two devices show similar dark current density, which

implies that the limiting factor is unlikely to be the material

quality as initially suggested.

In order to better understand these results, simulations

of the dark current were performed using the TCAD

(Technology Computer Aided Design) SILVACO software

and the results are presented in Section III.

III. DARK CURRENT SIMULATION

The simulations reported in this section were done using

the ATLAS software from SILVACO which has already

been used to simulate the dark current of InAs-rich SL p-i-n

photodiodes.23 To determine the dark current-voltage charac-

teristics of the MWIR GaSb-rich SL photodiode, a bulk-

based model with the effective band gap of the SL material

(261 meV at 77 K) is used. For the dark current density of

the diode (Jdiode), several contributions have to be consid-

ered: diffusion current (JDiff), generation-recombination cur-

rent (JGR), trap assisted tunneling current (JTAT), and band-

to-band tunneling current (JBTB). The total dark current of

the diode is then given by

Jdiode ¼ JDiff þ JGR þ JTAT þ JBTB: (1)

The material parameters of the GaSb-rich SL have to be

specified for the dark current simulation. Some parameters,

such as the effective electron mass,24 were found in the liter-

ature, while the others were set by calculating the weighted

average of InAs and GaSb bulk values available in the

ATLAS manual25 and extracted from Ref. 26. The conduc-

tivity of the minority carriers was determined by the Hall

measurement. A dedicated nid GaSb-rich SL structure was

grown by MBE on GaSb substrate. Next, a specific process

was done to remove the conductive GaSb substrate and

then the Hall measurement was performed at 77 K, giving a

p-type conductivity. More details on such measurements can

be found in Ref. 27. The background carrier concentration

was extracted from the capacitance-voltage characteristic of

a GaSb-rich SL p-i-n diode. A residual carrier concentration

equal to 4.3� 1015 cm�3 was determined at 77 K for sample

A. The material parameters of the GaSb-rich SL chosen for

the simulation are summarized in Table I.FIG. 1. AFM on a 2 lm� 2 lm scan area: sample A (a) and sample B (b).

FIG. 2. Current density as function of the applied voltage of sample A

(Tgrowth¼ 450 �C) and sample B (Tgrowth¼ 400 �C) performed in dark condi-

tions at 77 K. As comparison, the current density of an InAs-rich SL photo-

diode is also plotted (dashed line).23
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In this section, we analyze the dark current of sample A.

Although it has particular growth conditions, its dark current

is of the same order of magnitude than the GaSb-rich SL

photodiodes grown under standard growth conditions.

The model used for the dark current simulations is the

same as the one used in previous publications.23 In particu-

lar, we took into account the generation-recombination and

the trap-assisted tunneling current through the Hurkx

model.28 The trap energy level, the tunneling mass, and the

minority carrier lifetime are the parameters to be determined

to fit the experimental curve. The minority carrier lifetime of

the GaSb-rich SL structure was extracted from time resolved

photoluminescence (TRPL) measurements. These experi-

ments were done on a dedicated sample made of nid GaSb-

rich SL structure (500 nm thick) sandwiched by two nid

AlSb barriers (20 nm thick) to confine the optically injected

carriers into the SL region (inset of Figure 3). An optical

parametric oscillator (OPO) light source at 1.55 lm was used

as an excitation source, with a pulse width of 10 ns and a rep-

etition rate of 149.8 kHz. The PL signal was focused on a

fast HgCdTe single pixel detector (8 lm cut-off wavelength,

4 ns temporal response, and 200 K operating temperature),

and a 2.5–20 lm band-pass filter was used to avoid any resid-

ual light collection. The PL decays were then sampled by a

digital oscilloscope.

Figure 3 presents the photoluminescence signal (IPL) as

a function of time for sample A at 80 K. We observe an ex-

ponential decay which can be fitted by the following

equation:8

IPL tð Þ ¼ A � d2
n0
� e�2t=s þ p

dn0

e�t=s
� �

; (2)

where A is an experimental constant, p is the residual back-

ground concentration, estimated equal to 4.3� 1015 cm�3,

dn0
is the optically generated excess carrier density at t¼ 0 s,

estimated equal to 7� 1017 cm�3, and s is the minority car-

rier lifetime.

Using a Metropolis-Hastings algorithm, the minority

carrier lifetime was determined to be equal to 30 ns at 80 K

which is consistent with recent measurements performed on

specific MWIR SL samples.12

The trap energy level was fixed to the Fermi energy

level, where they are the most efficient. Finally, the tunnel-

ing mass was calculated as the reduced mass equal to

(mc�mh)/(mcþmh), with mc and mh being the electron and

hole effective mass, respectively.

The experimental and simulated dark currents using

these parameters are plotted in Figure 4. We observe in

reverse bias a large difference of about two orders of magni-

tude between both curves. The fitting can be improved by

decreasing the lifetime down to 0.3 ns rather than 30 ns

(Figure 4). In this case, a good agreement is obtained for

reverse bias, but the simulated dark current is significantly

overestimated for positive bias, and the chosen minority car-

rier lifetime is anyway very different from the one measured

by TRPL. It is thus very unlikely that the large difference

observed between the simulation and the experiment origi-

nates from the minority carrier lifetime value taken for the

simulation.

To go further in the dark current simulation, the model

has been refined by adding an ohmic current due to the shunt

resistance (Jshunt) originating from the surface and bulk leak-

age currents. The total dark current of the diode (Jtot) is then

given by

Jtot ¼ Jdiode þ Jshunt: (3)

The parameters to be determined are the minority carrier

lifetime and the Rshunt.A product (with A the photodiode

area). The best agreement with experimental J-V curves

TABLE I. Parameter values used for GaSb-rich SL in ATLAS

simulation.25,26

Parameter Values

Varshni’s parameter a 0.35 meV/K

Varshni’s parameter b 350 K

Permittivity 15.50e0

Electron affinity 4.63 eV

Electron effective mass 0.0382m0

Hole effective mass 0.236m0

FIG. 3. Experimental time-resolved photoluminescence data performed at

80 K on a dedicated structure grown on n-type GaSb substrate (inset). The

fast initial peak decay is due to optical-injection of excess carriers.

FIG. 4. Experimental (open circles) and simulated (solid line) dark current

densities of sample A at 77 K with a lifetime value fixed at 30 ns (a) and at

0.3 ns (b).

174503-3 Delmas et al. J. Appl. Phys. 119, 174503 (2016)



across the entire voltage sweep (Figure 5) was obtained for a

lifetime of 7 ns and an Rshunt. A value of 15 kX cm2. Despite

the use of the Rshunt, a minority carrier lifetime far from the

values measured by TRPL has to be used. Moreover, this fit-

ting method has been applied to a set of different GaSb-rich

devices (not described here) having different cut-off wave-

lengths in the 4.6–5.4 lm range, for which we verified that

Rshunt could not be linked to either the bandgap or the material

quality. As the Rshunt is generally associated with defects in

material, as recently shown in MCT photodiodes,29 we can

conclude that the discrepancy observed between the experi-

mental and simulated curves cannot be ascribed to an addi-

tional Rshunt that would be specific to GaSb-rich photodiodes.

In order to determine the origin of this ohmic current,

we studied the photoresponse spectra of the GaSb-rich SL

photodiode under an applied electric field.

IV. SPECTRAL RESPONSE UNDER ELECTRIC FIELD

Spectral response measurements were performed at 80 K

on two GaSb-rich SL photodiodes having different absorp-

tion thicknesses (tAZ): 500 nm (tAZ1) (sample A) and 1 lm

(tAZ2). The curves obtained at different reverse biases have

been normalized and plotted in Figure 6.

When a reverse bias is applied, the shape of the spectral

response is changing for both samples. We can easily observe

in Figure 6 that when the reverse bias is increased, the cut-off

wavelength around 4.75 lm is red shifted, while the peak

around 3.5 lm is blue shifted. We assume that the changes of

the spectral response shape arise from two valence to conduc-

tion inter-miniband transitions, which we denote E1 and E2.

The E1 transition corresponds to the fundamental transition

between the first heavy hole miniband (HH1) and the first

electron miniband (C1), while the E2 transition corresponds to

the transition between the second heavy holes miniband

(HH2) and C1. When an electric field is applied, these transi-

tions are divided into a “blue” and a “red” component (E1B;

E1R) and (E2B; E2R). At an equivalent electric field, the

spectral response is essentially the same for both samples,

which means that the changes observed originate from the

depletion region in the photodiode.

The energy shifts of the SL photoresponse spectra can

be attributed to transition energies due to Wannier-Stark

localization. Such Stark effects have already been observed

in type-II InAs/GaSb SL as changes in both the spectral

response shape30 and the current-voltage characteristics.30,31

In the absence of an electric field, the carriers in the SL

are confined in the minibands. When an electric field is

applied parallel to the growth direction of the SL structure,

the carriers tend to be localized on discrete energy levels,

decreasing the spatial coherence of the wavefuntions.

Thereby, each miniband is divided into discrete energy lev-

els separated by an energy DE ¼ q:F:dSL, where q is the

electron charge, F is the electric field, and dSL is the SL pe-

riod. Stark transitions can therefore occur between valence

and conduction energy levels. These transition energies E

are given by30

E ¼ E0 þ mqFdSL; (4)

where E0 is the transition energy when no electric field is

applied and m is the Stark index. In a type-II SL, the transitions

being spatially indirect compared to a type-I SL, the Stark indi-

ces thus assume the values m ¼ 61=2;63=2;65=2;…
The carriers are completely localized (electrons and

holes in the InAs and the GaSb layers, respectively), when

FIG. 5. Experimental (open circles) and simulated (solid line) dark current

of sample A at 77 K. The diode current (dashed line) and the ohmic current

(dashed-dotted line) are also plotted.

FIG. 6. Photoresponse spectra of reverse biased GaSb-rich SL p-i-n photodi-

odes measured at 80 K. The absorption thickness is 500 nm (a) and 1 lm (b).

Under an applied bias, the interminiband transitions E1 and E2 are divided

in two components (E1R; E1B) and (E2R; E2B).

174503-4 Delmas et al. J. Appl. Phys. 119, 174503 (2016)



the electric field reaches the limit Flim � D=qdSL with D the

miniband width. In the case of sample A with tZA1¼ 500 nm,

we calculated the maximum electric field Fmax of the junc-

tion as a function of the applied reverse bias, using the fol-

lowing equation:

Fmax Vð Þ ¼ Vd � V

Wdep Vð Þ ; (5)

where V is the applied bias, Vd is the built-in voltage, and

Wdep the depletion width. The result is plotted in Figure 7.

The built-in electric field F0 calculated at 0 V is equal to

8 kV/cm. For the GaSb-SL structure, the electron miniband

width being equal to 9 meV and the SL period, measured by

HRXD, being equal to 8.9 nm, the electric field Flim is thus

equal to 10 kV/cm. This electric field value is reached when

the reverse bias value is only equal to �135 mV (Figure 7).

Thereby, the changes of the spectral response are clearly

visible when the reverse applied bias is higher than 135 mV

(Figure 6(a)).

To confirm the Wannier-Stark localization in GaSb-rich

SL structure, the peak positions E1R and E1B of the spectral

response are plotted as a function of the electric field F in

the structure (Figure 8), which is equal to the sum of the

applied electric field Fapp and the built-in electric field F0.

The calculated transition energies using the envelope func-

tion approximation are also reported. As we can see, the cal-

culated transition energies match quite well with those of the

measured spectral response, except for E1B, but this transi-

tion is hidden by the CO2 absorption peak around 4.25 lm

and the transition energies E1B and E2R are probably mixed

(Figure 6(a)). Besides that, as expected, the transition ener-

gies vary linearly with the electric field and the slopes of the

transition E1R and E1B are equal to �1/2 and 1/2, respec-

tively. This result confirms the formation of localized

Wannier-Stark states in the depletion region of the Type-II

GaSb-rich SL diode.

A schematic view of the SL p-i-n band diagram is plot-

ted in Figure 9 for an electric field of 18 kV/cm. This electric

field value corresponds to an applied reverse bias of 50 mV

on an absorption thickness of 500 nm with a built-in electric

field of 8 kV/cm. The probability densities associated with

two electron energy levels surrounding a hole energy level

for the transitions E1B and E1R are also plotted. It can be

seen that the electric field breaks the three dimensional na-

ture of the InAs/GaSb SL minibands. The carriers are then

strongly confined in quasi-bidimensional states, just like in

an InAs/GaSb multi-quantum well structure, with electrons

and holes localized in InAs and GaSb layers, respectively.

Because the minibands are reduced into discrete energy

levels, a tunneling current can therefore appear in the case of

p-i-n photodiodes. This tunneling current occurs between the

top of the first hole miniband HH1 of the P-region and a dis-

crete energy level which is energetically aligned in the

intrinsic region of the photodiode, as suggested by B€urkle

et al.30 and as illustrated in Figure 10. It is thus obvious that

the simulation previously described cannot take into account

this strong discontinuity of the SL. The ohmic current used

to adjust the simulation to the experiment is probably linked

to this tunneling current into the GaSb-rich p-i-n photodiode.

Additionally, this tunneling current may also explain why

we did not see significant improvements of the dark current

FIG. 7. Maximum electric field of sample A calculated as a function of the

applied voltage at 80 K.

FIG. 8. Transition energies E1R and E1B as a function of the total electric

field F ¼ Fapp þ F0, where Fapp is the applied electric field and F0 is the

built-in electric field.

FIG. 9. Band diagram of the GaSb-rich SL at an applied electric field of

18 kV/cm. The electron and hole probability densities for the E1B and E1R

transitions are also shown.
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performance when changing the growth conditions of the

GaSb-rich SL structure.

In the case of InAs-rich SL, we did not observe the

Wannier-Stark effect on the spectral response. Indeed, the

carriers are completely delocalized even if an electric field is

applied. The carrier are completely localized when the elec-

tric field reaches an estimated value of 1.7� 103 kV/cm,

which is three orders of magnitude superior than in the case

of the GaSb-rich SL. The InA-rich SL structure, given its

thin period (3.3 nm) and its large conduction miniband, is

not disturbed by the electric field, regardless of the applied

bias.

V. CONCLUSION

In conclusion, we studied the GaSb-rich SL MWIR

photodiodes which have a higher current density than the

InAs-rich SL ones. Alternative growth conditions were

explored in order to improve the material quality and thus

improve the minority carrier lifetime in the GaSb-rich SL

structure. However, upon improving the material quality,

the dark currents obtained were still of the same order of

magnitude. It seems that an intrinsic phenomenon in the

GaSb-rich SL structures is deteriorating the performance;

this intrinsic phenomenon has been modeled using an

ohmic current in the dark current simulations. By analyzing

the spectral response, we have clearly identified that the

behavior of the GaSb-rich SL structures depends on the

electric field in the active region and also on the periodicity

of the SL structure. This dependence is characterized by the

apparition of spectral signatures in the photoresponse attrib-

utable to Wannier-Stark ladder. Besides the presence of

defects inherent in a GaSb-rich structure, the electric field

induces a strong tunneling current at low biases, which

therefore limits the current-voltage characteristics. This

limiting mechanism can explain the high current density of

the GaSb-rich SL photodiode. Nevertheless, at the present

state of our theoretical investigations, the quantum effects

into the GaSb-rich SL structures and their influence on the

dark current are difficult to quantify, and an accurate trans-

port model is required to explain the performance of GaSb-

rich SL p-i-n photodiodes.
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