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a b s t r a c t

D* (Detectivity), an important figure of merit for photodetectors, is limited by zero bias resistance–area
product (R0A). R0A is determined by Auger recombination mechanism, depending on the composition,
temperature, carrier concentration and other parameters of the photodetectors. To investigate R0A of
In1−xGaxAs infrared photodetectors, in this paper, theoretical analysis of Auger recombinationmechanism
was carried out in the room temperature, by taking CCCH, CHHL and CHHS into account. The calculated
results show that there are significant influences on R0A for various parameters in both p- and n-type
regions of the devices. With carrier concentration around 1017 to 1018 cm−3, R0A of 108 � cm2 (n-region)
and 106 � cm2 (p-region) are obtained for x = 0.47, when thickness and surface recombination velocity
of the sample are 5 µm and 100 m/s, respectively.

© 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Optical detection is indispensable for optoelectronic applica-
tions, such as image sensing, fiber communications, bio-medical
applications, etc. Due to fast transient response, high-sensitivity,
low dark current, as well as easy integration, InGaAs infrared pho-
todetectors have attracted more research interests recently, es-
pecially in high-performance infrared and uncooled focal plane
arrays, applied in laser radar, infrared imaging and other fields
[1–4].

One important parameter for detectors is detectivity, de-
noted as D∗. It is the normalized signal-to-noise ratio of a
detector that represents the ability of the device to detect
weak optical signals. Because of statistical nature of genera-
tion–recombination (g–r) processes in photodetectors, there are
various noise generation mechanisms in the devices, including
generation–recombination noise, tunneling noise, radiative noise,
and Auger recombination noise. However, process related mecha-
nisms (Shockley–Read–Hall, generation at surfaces and interfaces,
tunnel generation and others) can be eliminated or reduced by the
progress of epitaxy and devices fabrication techniques [5]. Hence
Auger recombination plays a dominant role in well-designed de-
vices [6–8].
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Fig. 1. Schematic of p–n junction for InGaAs detector.

In this paper, we investigated Auger recombinationmechanism
in In1−xGaxAs infrared photodetectors by means of theoretical
analysis and comprehensive calculation of the dependence of zero
bias resistance–area product (R0A) on material parameters. Here,
R0A is proportional to the square of D∗ when assuming that the
quantum efficiency η is a constant.

2. Theoretical analysis

The detector studied here consisted of the homogeneous n–p
type of In1−xGaxAs deposited on InP substrate. Its structure is
shown in Fig. 1. Se and Sh are the surface recombination velocity
of the electron and hole, respectively.

The basic expression of the detector D∗ under negligible
background radiation and at zero bias voltage is given by Tian
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Fig. 2. The recombination process of CCCH, CHHL, CHHS.
et al. [9]:

D∗
=

ληq
hc


R0A
4kT

(1)

where R0A is the product of resistance at zero bias voltage and
detector area, k is the Boltzmann constant, T is the temperature,
λ is the wavelength of the incidence light, η is the quantum
efficiency, q is the charge of an electron and c is the velocity of light.

According to the theory of the semiconductor, photo-absorption
occurs only when incident light wavelength λ is shorter than the
cutoff wavelength λc . Assuming that the maximumwavelength of
the incidence light λ = λc = hc/Eg (Eg is the bandgap of the ma-
terial) and quantum efficiency η = 1, Eq. (1) can be simplified as
follows:

D∗
=

q
Eg


R0A
4kT

. (2)

Obviously, Eg is a constant when temperature and material
composition are fixed. Thus, D∗ is determined only by R0A which
is related to various kinds of noise mechanisms. We assume only
diffusion current caused by the minority carrier and the device
is an abrupt junction under low-injection condition. R0A can be
expressed in Auger recombination mechanism as follows in the p-
and n-regions, respectively [9].
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where Di =
kT
q µi, Li = (Diτi)

1/2, ri =
LiSi
Di

, (i = e or h).
Di, Li, and µi are the diffusion coefficient, diffusion length, and
effective mobility, respectively; τi is the lifetime of the minority
carrier, n and p are themajority carrier concentration in the n-type
and p-type regions, respectively. Both Eqs. (3) and (4) show R0A
are influenced by material parameters, especially by the minority
carrier lifetime, through the minority recombination process.

As discussed previously, for a well-designed device, only Auger
recombination mechanism is considered. Auger recombination is
the non-radiating transition process among the heavy, light hole
and conduction bands in semiconductors, with three particles
involved in ten ways [10]. Basically, CCCH and CHHL are two
fundamental Auger recombination mechanisms. However, in the
narrow bandgap semiconductors, the spin–orbit split-off (∆) is
close to the bandgap of thematerial, therefore, the spin–orbit split-
off band ismore important than the light hole one, leading to CHHS
should be considered [11,12]. Fig. 2 shows CCCH, CHHL, CHHS
recombination processes.

The lifetimes of CCCH, CHHL, and CHHS are indicated by Tian
et al. [9]

τCCCH =
2τ i

CCCH

1 + n0/p0
(5)

τCHHL =
2τ i

CHHL

1 + p0/n0
(6)

τCHHS =
2τ i

CHHS

1 + p0/n0
. (7)

The total Auger lifetimes τA is

1
τA

=
1

τCCCH
+

1
τCHHL

+
1

τCHHS
(8)

where p0 and n0 are the hole and the electron carrier concentra-
tions at equilibrium state in the samematerial, respectively, and τ i

indicates the intrinsic recombination time [13,14].
The ternary-alloy material parameters used in simulation are

obtained by linear interpolation of GaAs, InAs alloys parameters,
given in Table 1.

3. Calculation results and discussions

The dependence of τCCCH , τCHHL, τCHHS on Ga composition with
the certain carrier concentration at 300 K in In1−xGaxAs detector is
calculated. It is shown in Figs. 3 and 4.

From the figures, it can be seen that Auger recombination
lifetime in both p- and n-type regions increases with Ga
composition. This is because the bandgap changes with Ga
composition. As the bandgap becoming wider, the probability
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Table 1
List of the material parameters used of binary alloys.

Alloy Eg (T ) (eV) ∆ m∗
e/m0 m∗

h/m0 m∗
s /m0 εr

GaAs 1.519 − 5.4010−4T 2/(T + 204) 0.34 0.067 0.45 0.15 13.18
InAs 0.420 − 2.5010−4T 2/(T + 75) 0.38 0.023 0.41 0.089 14.5
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Fig. 3. The dependence of Auger recombination lifetime on Ga composition in p-
region at T = 300 K, p = 1017 cm−3 .
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Fig. 4. The dependence of Auger recombination lifetime on Ga composition in n-
region at T = 300 K, n = 1018 cm−3 .

of Auger recombination decreases, resulting in the lifetime
increasing in the Auger process. Moreover, Fig. 3 shows that Auger
recombination lifetime is predominated by the CHHLprocess in the
p-type region, while the CCCH process dominated in the n-type
region, is shown in Fig. 4, as explained in the following analysis.
Since the CHHL process needs two holes in the valence band and
one electron in the conduction band, the CHHL process dominates
in the p-type region. On the contrary, the CCCH process needs two
electrons in the conduction band and one hole in the valence band;
therefore, the CCCH process is playing the main role in the n-type
region. In addition, from Eq. (5), it is found that Ga composition has
a little influence on τCHHL because denominator of Eq. (5) is larger in
p-type region. Similar conclusion can be drawn for τCCCH in n-type
region. Both are proved by the results shown in Figs. 3 and 4.

Fig. 5(a) provides the dependence of Auger recombination
lifetime onGa compositionwith carrier concentration of 1017cm−3

for both the p- and n-type material at 300 K. It can be seen that
the Auger recombination lifetime in the p-type is longer than
τAp
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Fig. 5. The dependence of Auger recombination lifetime in the p-type and n-type
materials on Ga composition (a) and carrier concentration (b) with T = 300 K,
n = p = 1017 cm−3 , x = 0.47.

that in the n-type with the same material parameters. Fig. 5(b)
shows the dependence of Auger recombination lifetime in the p-
type and n-type on the carrier concentrations of In0.53Ga0.47As
material at 300 K. The trends for τp and τn are similar. When the
carrier concentration is above 1013cm−3, the Auger recombination
lifetimes in the p-type and n-type decrease rapidly with the
increasing of carrier concentration. This conclusion has been
confirmed in the literature of Metzger et al. [15].

In addition to the Auger recombination lifetime τAuger, there are
other material parameters that also impact R0A, for instance, the
surface recombination velocity and thickness of the material, etc.
It is necessary to discuss how these parameters influence R0A.

In Fig. 6(a) and 7(a), the curves of R0A versus carrier
concentrations of the In0.53Ga0.47As are similar for the p and n
regions. When Se, Sp = 0,
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Fig. 6. The dependence of R0A on material parameters in the p-region with x = 0.47.
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Fig. 7. The dependence of R0A on material parameters in the n-region with x = 0.47.
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it makes log(R0A) decrease with increasing log(p) and log(n) in the
carrier concentration range of p or n < 1019 cm−3.Moreover,when
Se and Sp ≠ 0,
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log(R0A) increases with increasing log(p) and log(n) in the carrier
concentration range of p or n < 1019 cm−3. Reducing surface
recombination velocity is benefit to increasing R0A. Therefore,
to improve the performance of the detector, surface passivation
processes are essential during device fabrication.

Fig. 6 presents the influence on R0A by not only the carrier con-
centration, but also the surface recombination velocity, effective
mobility, and thickness of p-region. These influences can be di-
vided into three ranges corresponding to carrier concentration:
low carrier concentration range (p < 1016 cm−3), high carrier
concentration range (p > 1020 cm−3) and 1016 cm−3 < p <
1020 cm−3 range. In the first range, surface recombination velocity
plays the main role in the influence on R0A. When hole concentra-
tion is larger than 1020 cm−3, R0A is affected mainly by mobility.
However, in the intermediate range, neither the surface recombi-
nation velocity, carrier concentration, nor the thickness of p-type
region can be ignored. Similar calculation in n-type region has been
presented in Fig. 7. Compared with the impacts on R0A of material
parameters in p- and n-region, two conclusions are obtained: (1)
the dependence of R0A on carrier concentration in n- and p- type
regions is similar in the condition of constant surface recombina-
tion velocity, (2) R0A can be achieved with 108 � cm2 in n-region,
and 106 � cm2 in p-region when the surface recombination veloc-
ity is 100 m/s. R0A obtained by the theory is consistent with the
experimental values reported by Rogalski et al. [16].

4. Conclusion

The detectivity of photovoltaic detectors at zero-biasing is
mainly determined by R0A, when the background radiation can
be negligible. The effect of Auger recombination mechanism on
R0A was analyzed at 300 K in this paper. The results show that the
carrier mobility, the absorber thickness, carrier concentration and
surface recombination velocity have significant influences toR0A of
an In1−xGax As photodetector lattice-matched to InP substrate. The
carrier concentrationmainly affects R0Awithin the p < 1019 cm−3

for the p-type in the condition of constant surface recombination
velocity. Furthermore,mobility, the absorber thickness and surface
recombination velocity have different influences to R0A in the
different carrier concentration regions. The electron mobility has
effect on R0A in larger carrier concentration extent of the n-type.
R0A of 106 � cm2 in p-region and 108 � cm2 in n-region at x =

0.47, can be achieved with the doping level of 1017
∼ 1018 cm−3,

when the thickness and the surface recombination velocity of the
sample are 5 µm and 100 m/s, respectively. These results provide
benefit for design and fabrication of InGaAs detectors.
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