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Abstract The empirical 1/f noise model for p™-p-n infrared detector made of type-II InAs/
GaSb superlattice material is presented. It is shown that 1/f noise magnitude can be
accurately estimated if dark current contributions are determined and noise coefficients are
known. It is found that the shunt, the bulk generation—recombination, and the trap-assisted
tunneling currents contribute to the total 1/f noise. No 1/f noise connected with the dif-
fusion and the band-to-band tunneling currents is observed.

Keywords InAs/GaSb superlattice - Dark current modeling - 1/f Noise
modeling

1 Introduction

The noise of a photovoltaic detector defines detectivity one of its figures of merit. The
detectivity is expressed with the formula D* = RAY2 /in, Which includes current respon-
sivity Ry, detector area A, and noise current i,. Therefore, the calculation of detectivity
requires noise measurements or at least noise estimation. Usually, in such noise estimation,
only the thermal and the shot noise are taken into account if the detector is biased
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(Callewaert et al. 2014; Khoshakhlagh et al. 2010; Martyniuk et al. 2012, 2016; Rodriguez
et al. 2007). The noise consideration of a biased detector should also include the 1/f noise,
which can significantly reduce detectivity in the low-frequency regime. Still, the general
theory of 1/f noise is lacking; however, several models of 1/f noise addressed for infrared
devices exist (van der Ziel 1986; Kleinpenning 1983; Kinch et al. 2009). Most of them
concern HgCdTe-based devices and are related to the specific detector designs. Therefore,
the precise evaluation of the detectivity still requires 1/f noise measurements, which are
expensive and time-consuming. Any attempt, which aims at the prediction of 1/f noise
level, is then valuable because it can save experimental effort and makes the estimation of
the detectivity more reliable. It is assumed that in a quite universal way the total 1/f noise
p-s.d. can be calculated as the sum of the contributions introduced by each dark current
component of the detector (Bae et al. 2000; Bajaj 1992). We have recently shown (Ciura
et al. 2016) that: (i) the diffusion current does not make observable contribution to 1/f
noise; (ii) the shunt current /y,, the bulk generation—recombination (g-r) current /,_,, and
the tunneling current /I, (trap-assisted or band-to-band) make significant contributions to
1/f noise. Finally, the total power spectral density (p.s.d.) of 1/f noise can be described by:

Sl(f) = (“shlgh + O‘g—rlg—r + O(mnltun> /f7 (1)

where o is the 1/f noise coefficient associated with each current component. Making use of
Eq. (1) requires resolving dark current into its components, which can be done employing
current modeling. Then the extraction of the 1/f noise coefficient should be done based on
1/f noise measurements. In this paper, we introduce the 1/f noise model, decompose the
last term of Eq. (1) into trap-assisted or band-to-band 1/f noise constituents, and use
developed model to estimate 1/f noise in a InAs/GaSb superlattice (SL) detector in the
wide range of voltage bias and temperature.

2 Detector

The 1/f noise model is formulated and adjusted for the real device #ES505, presented in
Fig. 1. Detector was grown by Molecular Beam Epitaxy at the Institute of Electron
Technology, Warsaw, Poland. Basically, the detector has p*-p-n architecture, where p is
the absorber, p* and n are the electron and the hole contacts, respectively. These three
layers are made of InAs/GaSb SL with basic period of 10 monolayers/10 monolayers
(ML). Detector was grown on 2" GaSb substrate with three GaSb buffer layers, doped with
beryllium. The p contact consists of 40 periods of 10 ML/10 ML InAs/GaSb SL, doped
with beryllium to Ny = 5 x 10'7 cm™3 (doping in GaSb layers). The absorber consists of
400 periods of 10 ML/10 ML SL, doped with tellurium to Np = 5 x 107 cm™3 in GaSb
layers. The n contact consists of 60 periods of 10 ML/10 ML SL, which is tellurium doped
to Np =5 x 107 cm™3 in InAs layers. The contact is followed by the tellurium-doped
InAs cap layer. The noise and dark current measurements, which are presented in Figs. 2,
3,4,5,6,7 and 8, are conducted with a transimpedance amplifier which was described
elsewhere (Ciura et al. 2014). The example noise p.s.d. functions, measured for different
reverse bias voltages at constant temperature 7 = 77 K, are shown in Fig. 2. Generally,
they have 1 / fnoise shape. Deviations appear for the low bias and frequency higher than a
few Hz due to the contributions from the g-r noise which have Lorentzian-like p.s.d.

Si~A/(1+ (f/f.)?), where A and f, are the constants. At 1 Hz, the p.s.d.s are not affected
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Fig. 1 Layers sequence, doping, and width in the device #E505

Fig. 2 Power spectral densities
versus frequency for different
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temperature 7 = 77K
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Fig. 4 Dark current components of the detector versus bias voltage at 7 = 77K

by such g-r noise so that the value S;(1 Hz) is assumed as 1 / f noise intensity measure and

used in all further analyzes.

3 Dark current modeling—the method

There are several works which deal with dark current modeling of SL-based devices (Ciura
et al. 2016; Czuba et al. 2017; Gopal et al. 2008; Martyniuk et al. 2012; Nguyen et al.
2004; Peng et al. 2015). However, there is no electronic transport model, dedicated for
superlattice-based devices so far. For this reason, commonly used models of dark currents
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Fig. 5 Measured 1/f noise and its modeled contributions versus total current at 7 = 77K
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Fig. 6 Power spectral density at 1 Hz and dark current (decomposed into constituents) versus 1000 / T at
constant reverse voltage bias V = 50mV

include formulas developed for bulk semiconductor devices. This approach seems to be not
fully justified but is sufficient for 1/f noise modeling due to a good agreement with the
experiment. In our dark current modeling procedure, several current components are taken
into account, namely: the diffusion Iy, the bulk g—r I,_,, the band-to-band tunneling I,
the trap-assisted tunneling /,,,, and the ohmic shunt /y,. The diffusion current and bulk g-r
current can be calculated as (Gopal et al. 2008; Sze and Ng 2006):
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where d is the absorber thickness, 1, L, 74 are the electron mobility, the diffusion length,
and the lifetime, respectively; w is the depletion region width, and 7,_, is the g-r lifetime.
Only the lifetimes are the fitting parameters. The depletion region width is calculated with
an abrupt junction formula w = (2¢,60(Vy; — V)/ (qN,ed))l/ 2 where the built-in voltage V;
is estimated as Vj; = kT/qIn[NpN,4/(n;)?], and the intrinsic carrier concentration is cal-

culated as n;
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NyNp/(Nx + Np) ~ Ny is roughly N,y =5 x 10'%cm™3. It is determined from the C-V
measurements (see Fig. 3), which were performed at 7 = 77 K. The 3D effective densities
of states N¢, Ny were estimated using the value of effective masses: my;, = 0.4mqy for
heavy holes, and m, = 0.03mq for electrons. The Varshni formula for the temperature
dependence of the band gap E(T) =234 —3.1 x 107*T? /(T +270) [meV] is imple-
mented with the coefficients reported for 10 ML/10 ML InAs/GaSb p-i-n detectors (Klein
et al. 2011). The trap-assisted tunneling /,,; and the band-to-band tunneling 7, can be
approximated as (Martyniuk et al. 2012; Yang et al. 2002):

:qumtaerNTVexp 74M(Eg _ ET)l.S (4)
far e k3 (E; — Er) 3GEmardi )
I :Aq3EmaXV Zmbtbﬂxp _4\/2171—btb(Eg)1‘5 5
btb 471.2 hz Eg 3qu([xh .
The maximum electric field is calculated with the formula

Enax = [2gNrea(Vii — V)/e,eo]l/z. The trap energy Er is assumed as Ep = 0.14eV
(Wrébel et al. 2015). The matrix element associated with the trap potential is
M? = 10"%eV2cm?®. This value is commonly used for infrared detectors (Rosenfeld and
Bahir 1992; Yang et al. 2002). Other symbols in Egs. (2)—(5) have the usual meaning. The
effective tunneling masses m,,, mp;, and the trap density Ny are the fitting parameters. The
ohmic-like behavior of I-V characteristics can be described by some shunt resistance Ry,
and the shunt component /g, of the dark current:

Ly, = V/Ry,. (6)

The shunt resistance can be temperature dependent. This effect can be apparently taken
into account with the Arrhenius-like formula:

Ry = Ryoexp(Eg, /kT), (7)

where Ej, is the activation energy of the shunt current, and Ry is the constant.
The material/device parameters used in the dark current modeling are gathered in
Table 1.

Table 1 Parameters used for the dark current modeling of the InAs/GaSb-based device (references in
brackets)

m, 0.03 - mo (Imbert et al. 2015; Gopal et al. 2008; Suchalkin et al. 2011)
my, 0.4 - my (Gopal et al. 2008)

i, [em?/Vs] 11400(T = 77K) (Suchalkin et al. 2011), g, ~T~2 (Haugan et al. 2005)
€ 15.4 (Christol et al. 2007)

E,(T) [meV] 234 — 3.1 x 107*T2 /(T + 270) (Klein et al. 2011)

Nilem™?) Ny & Nyeq (Fig. 3)

d [pm] 2.7

M?*eViem?] 1072 (Yang et al. 2002)
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Additional aspects of current modeling, i.e., the discussion on electronic transport and
fitting parameters in the context of devices physics, were described in our previous paper
(Ciura et al. 2016).

4 1/f Noise modeling
4.1 Parameter identification

The first step of 1/f noise modeling is the dark current decomposition. Then the fitting
procedure should be used to find the 1/f noise coefficients o from the noise p.s.d. versus
total current characteristics of the detector. The unambiguous modeling of 1/f noise or
current is possible only if the number of parameters is not too large. This number can be
reduced by choosing an appropriate type of the experiment. First of the proposed exper-
iments includes current and 1/f noise measurements/modeling versus voltage bias at a low
constant temperature. Then the diffusion and the bulk g-r currents are very low due to a
very low intrinsic carrier concentration, so they can be neglected. Second type of the
experiments includes measurements/modeling versus temperature at a low constant voltage
bias. In that case, both tunneling currents can be neglected due to a small maximum
electric field in a junction.

The result of current modeling versus bias voltage at T = 77 K is presented in Fig. 4.
The total current consists of the shunt current, the trap-assisted and the band-to-band
tunneling components. The first one dominates in the low bias region, whereas the trap-
assisted tunneling and the band-to-band tunneling prevail in the medium or the high bias
range, respectively. The values of the fitting parameters are shown in Fig. 4. The results of
the 1/f noise modeling are presented in Fig. 5, where the p.s.d. at 1 Hz is plotted versus the
total current of the detector. This modeling involves only the fitting of coefficients « to the
experimental data, because the dark current components of the detector are taken as in
Fig. 4. Note that a very good convergence can be achieved without 1/f noise associated
with the band-to-band tunneling. The 1/f noise p.s.d. follows squared total current S; ~ I at
low current range (/ < 107 A). In this range, the 1/f noise is essentially associated with the
shunt current S; = ocsh(lsh)z, with the shunt 1/f noise coefficient oy, = 8 x 10~7. For the
large current (I > 107 A), the 1/f noise is associated with the trap-assisted tunneling
current  S; = oyqliy, Wwith the trap-assisted-tunneling 1/f noise coefficient
o = 1.3 x 10712 A. The curve in Fig. 5 has lower slope for high current due to linear, not
squared, relation between current I,,; and 1/f noise. The band-to-band tunneling current
does not contribute to the 1/f noise despite being one order of magnitude larger than current
I, (see Fig. 4). Consequently, the 1/f noise coefficient of band-to-band tunneling oy,
should be a few orders of magnitude lower than coefficient ;. For the small currents, the
formula S; = o411, predicts values of p.s.d. higher than measured. It suggests that, in the
ohmic region, the model S; ~ (I,a,)2 is more adequate. This suggestion is confirmed in the
theoretical work of Kleinpenning (1983), who has shown that, for the nonlinear detectors,
in the ohmic range, the squared dependence between current and 1/f noise is expected.

The prediction of 1/f noise at an arbitrary bias and temperature requires the knowledge
of the remaining coefficient o,_,. The estimation of the bulk g—r current 1/f noise coef-
ficient should be done at higher temperatures, at which this current becomes dominant, and
for the low bias where tunneling currents can be neglected. In Fig. 6, the Arrhenius plots
for p.s.d. at 1 Hz (right axis) and the dark current (left axis) can be observed. The
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modeling/measurements were performed at constant reverse voltage bias V = 50mV. The
one order of magnitude of the current scale corresponds with the two orders of magnitude
of the p.s.d. scale. This makes both the current and the 1/f noise p.s.d. curves parallel if the
1/f noise follows squared current S; ~I% In Fig. 6, the dark current is resolved into three
components: the shunt, the bulk g-r, and the diffusion (see the fitting parameters in Fig. 6).
In the low temperature region, the shunt current dominates in the total dark current;
however, in the high temperature region, the bulk g—r and the diffusion currents prevail.
The shunt current is slightly 7-dependent, whereas the bulk g-r and the diffusion currents
are strongly 7-dependent. In the entire temperature range, the current changes approxi-
mately 3.5 orders of magnitude, while 1/f noise p.s.d. changes approximately four orders of
magnitude. It means that squared relation between the total dark current and the 1/f noise is
not fulfilled in the entire range. In Fig. 6, the shunt current 1/f noise S; = ocsh(lsh)2 is
shown. In this formula, there are no adjustable parameters, because Iy, is taken as in Fig. 6,
and 1/f coefficient oy, = 8 x 10~7 has been previously determined (see Fig. 5). The for-
mula S; = ay, (Ish)2 predicts well the weak T-dependence of the 1/f noise in the low
temperature region. Small bump in the 1/f noise can be attributed to the excess g—r noise
with Lorentzian-like p.s.d. shape. In the high temperature region, there is a significant
deviation of the measured p.s.d. from the trend defined by the equation S; = ay, (Ish)z. By
the modeling, this deviation can be attributed to the bulk g-r 1/f noise S; = ocg_,(lg_,)2
with fitted 1/f noise coefficient a,_, = 2 X 10~8. No 1/f noise from the diffusion current is
observed. Nevertheless, it does not mean that the diffusion current does not exhibit 1/f
noise, but the small coefficient o makes the 1/f noise from the diffusion current not
observable in these circumstances.

4.2 1/f Noise model verification

The calculations of -V characteristic and 1/f noise p.s.d. were done for 7 = 230K to
validate the 1/f noise empirical model. In Fig. 7, the dark current versus bias voltage at this
temperature is shown.

Almost all contributions of the dark current are modeled with exactly the same
parameters as shown in Figs. 4 and 6, so essentially the bulk model, described in Sect. 3,
can predict the value of the dark current at arbitrary voltage bias or temperature with a
reasonable accuracy. At T = 230 K, the diffusion current dominates for forward bias and in
the low- and mid-voltage range for reverse bias, while tunneling currents become
important in the high voltage (reverse) bias. The bulk g—r and especially the shunt current
are lower than the diffusion current. Their impact on the dark current characteristics is
minor (g-r current) or negligible (shunt current). The key result of the paper is presented in
Fig. 8, where the 1/f noise p.s.d. at 1 Hz, calculated with Eq. (1), is plotted versus dark
current. In this formula, the dark current contributions are taken as in Fig. 7, whereas 1/f
noise coefficients were taken from the independent experiments described above. There-
fore, no fitting procedure was used in this step. For the entire forward low-reverse bias, the
1/f noise comes exclusively from the bulk g-r current despite its small contribution to the
total current. For the high-reverse bias, the 1/f noise originates mainly from the trap-
assisted tunneling and the shunt currents. In the mid-current region (I = 1.5 x 107* A), all
three contributions have the same involvement in the total 1/f noise. The diffusion current
does not contribute to 1/f noise at any bias. The predicted 1/f noise characteristic corre-
sponds with the measured one very well. The quite complicated measured characteristic is
traced accurately with the 1/f noise empirical model.
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5 Conclusions

Modeling of the dark current for the InAs/GaSb-based superlattice p*-p-n mid-wavelength
infrared detector, using relations developed for bulk semiconductor devices, gives the
results in good agreement with the experiments. The device 1/f noise can be accurately
modeled with the empirical relation: S, (f) = [ocsh(lsh)2 + ocg,,(lg,,)2 + oarliar) /f- The
noise coefficient o is the highest for the shunt current oy, = 8 x 1077, while for the bulk g—
r current the 1/f noise coefficient is smaller (o, = 2 X 10~%). The 1/f noise coefficients
are temperature-independent. No 1/f noise from the diffusion and the band-to-band tun-
neling currents is observed. The 1/f noise contributions from the shunt and the bulk g-r
currents can be high even if they have very small contribution to the total current of the
detector. At high voltage bias, the trap-assisted tunneling contributes to the 1/f noise;
however, there is a linear S; ~ I,,, not squared, relation between the 1/f noise power
spectral density and the trap-assisted-tunneling current.
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