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Abstract. In this paper a theoretical analysis of the R0A product and the detectivity
in a GaInAsSb infrared photovoltaic detector is reported, dependent on the four
fundamental kinds of noise mechanism and the quantum efficiency. The
considerations are carried out for near room temperature and 2.5 µm wavelength.
The analytical results show that the noise mechanisms can be reduced, and
correspondingly the performance of such detectors can be improved.

1. Introduction

Modern high-performance infrared photovoltaic detector
technology, based on photon absorption in narrow-gap
semiconductors, requires the use of extensive detector
cooling to achieve background limited performances (BLIP)
[1, 2]. Cooling is an effective but rather impractical
way to suppress noise because cryogenic cooling makes
detectors bulky and inconvenient in use. Infrared detectors
working near room temperature have been fabricated by
the MOCVD technique [3, 4] and moreover, theoretical
results indicate that such detectors can also obtain high
performance.

In this paper, theoretical analysis is explored for room-
temperature operation of infrared (IR) photovoltaic (PV)
detectors based on bulk Gax In1−xAs1−ySby alloys lattice-
matched to GaSb, which have become very important
materials in recent years in the fabrication of detectors
designed for 2–4µm infrared wavelength applications
[3–5]. The current passing the contacts of a device causes
noise because of the statistical nature of the generation and
recombination processes. In general, the detectivityD∗

is the main parameter characterizing normalized signal-to-
noise performance of the detectors. The aim is to suppress
all kinds of noise and to improve the detectivity. Numerous
theoretical discussions of the zero-bias resistance–junction
areaR0A product and the detectivityD∗, which are figures
of merit commonly used to characterize IR PV detectors,
are carried out dependent on design material parameters for
prediction and achievement of detector performance. There
are four fundamental kinds of noise mechanism in IR PV
detectors. In most reports, authors have paid much attention
to analysing the effect of the Auger mechanism (one
kind of role in the diffusion current) on theR0A product
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and the detectivity of photodetectors [6–8], even though
other original currents may exist in different physical
mechanisms, such as radiative recombination (the other
kind of role in the diffusion current) in the n and p neutral
regions, generation–recombination (G–R) in the depletion
region and tunnelling through the p–n junction [9, 10].
In this paper, the influence of the above junction current
components on theR0A product and the detectivity of an
n–p GaInAsSb IR PV detector is considered. In addition,
the quantum efficiency is considered. These results show
much difference from those that are obtained when only
the Auger mechanism is considered in a GaInAsSb IR PV
detector [8].

2. Theoretical analysis

For the purposes of discussion, the structure of the
GaInAsSb detector can be simplified as a p–n junction
structure. Four kinds of noise mechanism are considered
with the totalR0A product (R0A)total and the detectivity
D∗, where the relation betweenD∗ and(R0A)total is [11]

D∗ = qηλ

hc

√
R0A

4KT
(1)

where η and T are the quantum efficiency and working
temperature in a detector,λ is the incident light wavelength
andq andk are constants with their usual meaning.

Because all the noise mechanisms are independent,
(R0A)total is expressed by

1

(R0A)total
= 1

(R0A)Auger
+ 1

(R0A)rad
+ 1

(R0A)GR

+ 1

(R0A)tunnel
(2)

0022-3727/98/223291+07$19.50 c© 1998 IOP Publishing Ltd 3291



Y Tian et al

where (R0A)Auger, (R0A)rad, (R0A)GR and (R0A)tunnel

denote the Auger, radiative, G–R and tunnel mechanisms
respectively.

2.1. The Auger mechanism and radiative mechanism

The diffusion current that is the fundamental current in a
p–n junction detector determines(R0A)Auger and (R0A)rad,
shown as follows [12]

(R0A)j = KT

q2

[
Dpn

Lpn
2
i

rp cosh( t−xn
Lp
)+ sinh( t−xn

Lp
)

rp sinh( t−xn
Lp
)+ cosh( t−xn

Lp
)

+Dep

Len
2
i

re cosh( d−xp
Le
)+ sinh( d−xp

Le
)

re sinh( d−xp
Le
)+ cosh( t−xp

Le
)

]
(3)

Di = KTµi/q, Li = (Diτi)
1/2, γi = LiSi/Di(i = n or p)

Di , Li , µi , Si andτi are the diffusion coefficient (cm2 s−1),
diffusion length (cm), effective mobility (cm2 V−1 s−1),
surface recombination velocity (m s−1) and carrier lifetime
(s) respectively for holes in the n region or for electrons
in the p region.p or n is the major carrier concentration
(cm−3) in those respective regions;ni is the intrinsic carrier
concentration (cm−3).

In equation (3), (R0A)j is embodied by minority
lifetimes of the Auger mechanism(R0A)Auger or the
radiative mechanism(R0A)rad in both of which the Auger
lifetime has been calculated by many authors [8–10]. The
radiative lifetime is given by [13, 14]

τhR =
1

B[n+ (n2
i /n)]

(in the n region) (4a)

τ eR =
1

B[p + (n2
i /p)]

(in the p region) (4b)

whereτhR, τ eR are the radiative lifetimes for holes in the n
region and for electrons in the p region.B is a constant
defined by

B = 5.8× 10−13ε1/2
∞

(
1

m∗e +m∗h

)3/2(
1+ 1

m∗e
+ 1

m∗h

)
×(300/T )3/2E2

g (4c)

whereε∞ = 14, the high-frequency dielectric constant, and
m∗e , m

∗
h are the electron or hole effective mass;Eg is the

GaInAsSb bandgap energy.

2.2. The generation–recombination mechanism

The third type of fundamental noise component appears in
the space-charge region and is called the G–R (generation–
recombination) mechanism, which is caused by lattice
defects and impurities in the forbidden energy gap of a
semiconductor. TheR0A product associated with the G–R
current is equal to [15]

(R0A)GR =
√
τn0τp0Vbi

qniwf (b)
(5a)

where τn0, τp0 are the electron and hole lifetimes within
the depletion region,w is the width of the depletion region
and Vbi is the built-in voltage through the p–n junction.

Figure 1. The dependence of (R0A)total and the R0A
product components on the p-side carrier concentration (p)
for tunnelling (a) on a triangular barrier and (b) for a
parabolic barrier: t = 0.5 µm, d = 5 µm, Se = Sp = 0,
n = 1018 cm−3, σNf = 0.1 cm−1, µe = 1000 cm2 V−1 s−1 and
µp = 240 cm2 V−1 s−1.
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Figure 2. The dependence of (R0A)total and the R0A
product components on the n-side carrier concentration (n)
with the σNf product as a parameter: t = 0.5 µm,
d = 5 µm, Se = Sp = 0, p = 6.4× 1015 cm−3,
µe = 1000 cm2 V−1 s−1 and µp = 240 cm2 V−1 s−1.

The functionf (b) is a definite integral depending on the
position of recombination centres in the energy gap. For
simplicity, we further assumef (b) = 1, andτn0 = τp0 =
τ0 = 1/VthσNf [16], whereVth = (3KT/m∗)1/2 (m∗ being
the effective mass),σ is the capture cross section andNf
is the trap density. In this relationship, we assume thatσ

andNf for electrons and holes are the same. Thus

(R0A)GR = Vbi

qniwVthσNf
. (5b)

2.3. The tunnelling mechanism

Despite no net tunnelling current in a detector at zero
bias, theR0A product for tunnelling exists for a small
voltage swinging about zero. Two kinds of tunnelling
current, the direct and indirect tunnelling current, cross the
junction [16]. However, because the probability for indirect
tunnelling is much lower than that for direct tunnelling, we
only consider direct tunnelling in GaInAsSb detectors.

The R0A product due to tunnelling is defined by
[10, 16]

(R0A)tunnel= kT

CTt(En + Ep)2 (6a)

whereC = qm∗/8π2h̄3 is a constant. The termsEn and
Ep are the positions of Fermi levels on each side of the
junction andTt is the tunnelling probability determined
by the potential barrier shape. Two kinds of potential
barriers, namely triangular and parabolic barriers, are often
considered. For a triangular barrier, the probability is given
by

Tt1 = exp

(
−4
√

2m∗E3/2
g

3qh̄ε

)
(6b)

and for a parabolic barrier

Tt2 = exp

(
−π
√
m∗E3/2

g

2
√

2qh̄ε

)
(6c)

whereε = Vbi/w is the built-in field through the depletion
region.

2.4. The quantum efficiency

Under the condition of low injection and an abrupt junction
in a one-dimensional model, the quantum efficiency of
GaInAsSb detectors from the three regions (ηn, ηp, ηdr),
two neutral regions and a spatial charge one, and the total
one (η) are shown as follows [12, 17]:

ηn = (1− r)αLh
α2L2

h − 1

{[
αLh + rh − e−α(t−xn)

×
[
rh cosh

(
t − xn
Lh

)
+ sinh

(
t − xn
Lh

)]]
×
[
rh sinh

(
t − xn
Lh

)
+ cosh

(
t − xn
Lh

)]−1

−αLh e−α(t−xn)
}

(7a)

ηp = (1− r)αLe
α2L2

e − 1
e−α(t+xp)

{[
(re − αLe) e−α(d−xp)

−re cosh

(
d − xp
Le

)
− sinh

(
d − xp
Le

)]
×
[

cosh

(
d − xp
Le

)
+ re sinh

(
d − xp
Le

)]−1

+ αLe
}

(7b)

ηdr = (1− r)(e−α(t−xn) − e−α(t+xp)) (7c)

η = ηp + ηn + ηdr (7d)

whereα is an absorption coefficient,r = 0.35, the reflection
coefficient at the front surface, and other parameters have
the same definitions as those in equation (3).

3. Calculation results and discussion

The calculations have been performed on an n–p
Ga0.8In0.2As0.19Sb0.81 PV detector operated at 300 K and
2.5 µm wavelength. The dependence of GaInAsSb alloy
parameters on the compositionsx andy are taken from [8].
For practical calculation, the hole mobility was fixed to be
µp = 240 cm2 V−1 s−1 in the p region, and the electron
one to beµe = 1000 cm2 V−1 s−1 in the n region [18]. In
addition, the incident light with wavelength 2.48µm close
to the intrinsic absorption edge in the Ga0.8In0.2As0.19Sb0.81
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Figure 3. The detectivity versus the p-side carrier concentration (p) with (a) the back-surface recombination velocity (Se); (b)
the p-side width (d ); (c) the absorption coefficient (α) as a parameter: Sp = 0, t = 0.5 µm, n = 1018 cm−3, σNf = 0.1 cm−1,
µe = 1000 cm2 V−1 s−1 and µp = 240 cm2 V−1 s−1.

alloy is assumed to be injected from the n region then
passes the depletion region and finally reaches the p region.

Dependent on the incident light energy, the absorption
coefficient is taken asα = 2.15×105 m−1 [19]. In general,
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Figure 4. The detectivity versus the p-side width (d ) with
the back-surface recombination velocity (Se) as a
parameter. Other parameters are the same as those in
figure 3.

the capture cross section is assumed to be about 10−15 cm2

[13]. We also assume that the surface recombination
velocities on both sides of the detector will yield large
electrical reflecting conditions for the holes and electrons
respectively.

In this calculation, except for mobilities, other
parameters include theR0A product and the detectivity,
such as carrier concentration, widths, surface recombination
velocities in the p and n regions and the material absorption
coefficient.

(R0A)total and theR0A product components, due to
the Auger and radiative mechanisms, the generation–
recombination mechanism and the direct tunnelling
mechanism have been plotted versus the p-side carrier
concentration in figure 1 from equations (2) to (7)
respectively, under the condition oft = 0.5µm, d = 5µm,
Se = Sp = 0, n = 1018 cm−3 and Nf = 1014 cm−3.
Because(R0A)GR ∝ 1/σNf in equation (5), we just show
the σNf product as a parameter.D∗ in figures 1(a) and
(b) corresponds to the triangular and parabolic potential
barriers. From figure 1 we can see that

(i) The tunnelling influence appears inp > 1018 cm−3

because one necessary condition for obtaining tunnelling
current is that both n- and p-type semiconductor materials
must be degenerate. For Ga0.8In0.2As0.19Sb0.81 material, the
degeneracy state is atp > 1018 cm−3 andn > 1016 cm−3.
On increasing the p-side carrier concentration,(R0A)tunnel

sharply drops.
(ii) Comparing the two parts of figure 1, it is easy to find

that whenp > 1018 cm−3, the performance of(R0A)total is
limited by the Auger mechanism on the triangular barrier
and by the tunnelling mechanism on the parabolic barrier.

(iii) When p < 1016 cm−3, (R0A)total is determined by
(R0A)GR. In the range of 1016 cm−3 < p < 1018 cm−3,
all of the R0A product components except for(R0A)tunnel

contribute to(R0A)total, and a peak appears at the p-side
carrier concentration about 1017 cm−3.

Figure 2 shows that the dependence of(R0A)total

and theR0A product components on the n-side carrier
concentration for various values of theσNf product
for an n–p Ga0.8In0.2As0.19Sb0.81 detector, with the same
parameters as in figure 1 except forp = 6.4× 1016 cm−3

instead ofn = 1018 cm−3. In the low p-side carrier
concentration, the degeneracy state does not appear so that
no tunnelling mechanism influences(R0A)total. Because
of D∗ ∝ [(R0A)total]1/2 in equation (1) and(R0A)GR ∝
1/σNf in equation (5), it is an inevitable outcome that
(R0A)total will be increased and will then improveD∗

if the σNf product is reduced. A similar result is also
obtained in the relation between(R0A)total and the p-
side carrier concentration for various values of theσNf
product. The electron or hole trap densitiesNf can be
reduced by lowering the concentration of native defects
and foreign impurities, which is achieved by improving the
growth technique to reach optimization and by progress in
purification of material to improve interface qualities [11].

In the following, we discuss the influence of material
parameters on the detectivity. Because similar results are
shown in figure 1 for different shapes of potential barrier,
we only give the results for a parabolic barrier which is
usually used in practical application.

From equations (2) to (7), we can find that the quantum
efficiency and theR0A product components are associated
with the carrier concentrations in the p and n regions. In
addition, the quantum efficiency,(R0A)Auger and (R0A)rad

depend on the surface recombination velocities and the
widths of these regions. Moreover, the quantum efficiency
is a function of the absorption coefficient determined by the
incident light energy;(R0A)GR is in inverse proportion to
the σNf product.

Figure 3 shows the dependence ofD∗ on the p-side
carrier concentration with the back-surface recombination
velocity Se, the width of the p regiond and the absorption
coefficient α as parameters, under the condition ofn =
1018 cm−3, t = 0.5 µm, Sp = 0 andσNf = 0.1 cm−1. A
similar phenomenon appears in the three parts of figure 3.
D∗ drops sharply because of the influence of tunnelling
in the range ofp > 1018 cm−3. Comparing figure 1(b)
with figure 3, it is found that the depicted shape ofD∗ is
similar to that of(R0A)total. From this phenomenon, we
can draw a conclusion that the shape ofD∗ is determined
by (R0A)total. In the range ofp < 1018 cm−3, D∗ is
determined by the Auger mechanism, radiative mechanism
and quantum efficiency in figures 3(a) and 3(b), but rather
by the quantum efficiency in figure 3(c). In addition,D∗

appears as a peak and then decreases with decreasing p-
side carrier concentration. This peak will rise and shift to
the low p-side carrier concentration with decreasing back-
surface recombination velocity in figure 3(a), but with
increasing the p-side width in figure 3(b) and absorption
coefficient in figure 3(c). In order to find the greatest
thickness of the p region for the optimalD∗, figure 4 shows
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Figure 5. The detectivity versus the n-side carrier concentration (n) with (a) the front-surface recombination velocity (Sp); (b)
the n-side width (t); (c) the absorption coefficient (α) as a parameter: Se = 0, d = 5 µm, p = 6.4× 1015 cm−3, σNf = 0.1 cm−1,
µe = 1000 cm2 V−1 s−1 and µp = 240 cm2 V−1 s−1.

D∗ as a function of the p-side width forp = 6.4×1015 cm−3

and with the other parameters the same as in figure 3.
D∗ in figure 4 reaches a saturated value with an infinite
thickness of the p region. However, in [8], to obtain high
D∗ required reducing the p-side width with an assumption

of η = 100% and only considering the Auger mechanism.
These differences are caused by considering the quantum
efficiency in this paper because the quantum efficiency
reaches a saturated value with infinite thickness of the
p-side width, dependent on results of [20]. It is clearly
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indicated that the quantum efficiency will have a great
effect on the detectivity. In general, the quantum efficiency
cannot be neglected in calculation.

Figure 5 shows D∗ versus the n-side carrier
concentration with the front-surface recombination velocity
Sp, n-side width t and absorption coefficientα as
parameters, under the condition ofp = 6.4× 1015 cm−3,
d = 5 µm, Se = 0, σNf = 0.1 cm−1. From figure 5,
we find that the maximalD∗ is almost fixed in the range
of n > 1017 cm−3, which can be explained from figure 2.
In figure 2, when theσNf product is fixed,(R0A)total is
mainly influenced by(R0A)GR, and then makesD∗ depend
on (R0A)GR. D∗ in figures 5(a) and 5(c) is similar to
that in figures 3(a) and 3(c) respectively. To obtain a
high D∗ requires not only a reduction in the front surface
recombination velocitySp but also a reduction in the back
one Se, while D∗ will be improved by increasing the
absorption coefficient. In [19], the absorption coefficient is
dependent on the incident light energy (hν), α ∝ (1/hν −
Eg/hν

2)1/2. Substituting this equation into equation (7),
the calculated result shows that the incident light energy
should be decreased to the band edge absorption in order to
get the maximalD∗. The result in figure 3(b) is completely
opposite to that in figure 5(b), where decreasing the n-side
width will result in highD∗.

4. Conclusion

Calculation and analysis of the effect of material parameters
of a Ga0.8In0.2As0.19Sb0.81 IR PV detector on theR0A

product and the detectivity at 300 K has been carried
out by considering the quantum efficiency and the four
fundamental noise mechanisms in the p–n junction such
as the Auger and radiative mechanisms in the p and n
regions, the generation–recombination mechanism in the
depletion region and the tunnelling mechanism through the
p–n junction. The results are shown as follows:

(i) Following the above consideration, the figured shape
of D∗ is mainly determined by theR0A product andD∗

has been much affected by the quantum efficiency.
(ii) To obtain high detectivity requires an incident light

energy near the GaInAsSb band edge energy.
(iii) A peak in D∗ appears in the dependence ofD∗ on

the p-side carrier concentration. The peak rises and shifts to
the low p-side concentration with decreasing back-surface
recombination velocity and with an infinite thickness of the
p region.

(iv) In the dependence ofD∗ on the n-side carrier
concentration, the detectivity remains almost constant in
the range ofn > 1017 cm−3 because of the main influence
of the G–R mechanism. Decreasing the front surface
recombination velocity and the n-side width will improve
the detectivity.

(v) In practical application, the p-side carrier
concentration is required to be near the intrinsic carrier
concentration, thus the tunnelling mechanism can be
neglected. In the process of material preparation and
growth, the electron or hole trap densities can be reduced
to a minimum in order to improve the detectivity.
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