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Abstract

In the paper, a relationship of detectivity with material parameters is given by a theoretical calculation. An In1�xGaxAs photovoltaic
detector structure with x = 0.47 is used as an example for this study. The results show that the detectivity of a photodetector can be
enhanced by optimizing the carrier concentration, thickness and surface recombination velocity during the structure growth and device
fabrication.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Indium gallium arsenide (InGaAs) is an alloy of indium
arsenide and gallium arsenide. The bandgap of the
In1�xGaxAs ternary system changes from Eg InAs =
0.35 eV (3.5 lm) to Eg GaAs = 1.43 eV (0.87 lm). In0.53

Ga0.47As alloy (Eg = 0.73 eV, kc = 1.7 lm) lattice matched
to the InP substrate has already been shown to be a suit-
able photodetector material for near-IR (1.0–1.7 lm) appli-
cations [1]. Comparing with indirect-bandgap germanium
photodetector, the InGaAs photodetector is superior to
its lower dark current and low noise figure. Such a photo-
detector has many commercial and military applications,
such as remote light communication systems, low light level
night vision, remote sensing, eye-safe range finding and
process control [2–8]. One of the important figures of merit
of the photovoltaic detectors is its detectivity. The detectiv-
ity is mainly defined by the zero-bias resistance area prod-
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uct (R0A) and quantum efficiency. In the paper, we dissect
the dependence of R0A and quantum efficiency on material
parameters for a p–n In0.53Ga0.47As photovoltaic detector.
A relationship of detectivity with material parameters is
given by the R0A and quantum efficiency.

2. Theoretical analysis

A photovoltaic detector is built by a homogenous n-p
junction of InGaAs lattice-matched to the InP substrate.
Shown in Fig. 1 is a schematic of such a photodetector
structure. Se and Sp is the surface recombination velocity
of the electron and hole, respectively.

The basic expression of the detector D* is given by [9]

D� ¼ gq
hm

ffiffiffiffiffiffiffiffi
R0A
4kT

r
; ð1Þ

where R0A is the product of resistance at zero bias voltage
and detecting area, the k is the Boltzmann constant, T is
the work temperature, hm is the energy of the incident light,
g is quantum efficiency, q is the electron charge and c is the
velocity of light.
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Fig. 1. The simple structure of InGaAs detector.
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When the energy of the incident light is larger than the
bandgap of material, the absorbing occurs. The maximum
wavelength of the incident light is gotten by k = kc = hc/Eg

(Eg is the bandgap of the material). Eq. (1) can be simpli-
fied to the following:

D� ¼ qg
Eg

ffiffiffiffiffiffiffiffi
R0A
4kT

r
: ð2Þ

When temperature and material composition are selected,
the bandgap Eg is fixed. From Eq. (2), we know that D*

is determined only by R0A and g.

2.1. R0A of the various kinds of noise mechanisms

R0A is related to various kinds of noise mechanisms.
Because all the noise mechanisms are independent,
(R0A)Total may be expressed by [10]

1

ðR0AÞTotal

¼ 1

ðR0AÞAuger

þ 1

ðR0AÞRad

þ 1

ðR0AÞGR

þ 1

ðR0AÞTunnel

;

ð3Þ
where (R0A)Auger, (R0A)Rad, (R0A)GR, and (R0A)Tunnel de-
note the Auger, radiation, G–R and tunnel mechanism,
respectively.

For the Auger and radiative mechanism, (R0A)Auger,
(R0A)Rad are expressed as follows [10]:

ðR0AÞj ¼
kT
q2

Dpn2
i

Lpn
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Þ

reshðd�wp

Le
Þ þ chðd�wp

Le
Þ

#�1

; ð4Þ

where ri = LiSi/Di and Di = kTli/q; Di is the diffusion coef-
ficient (cm2/s) for holes in the n-region or for electrons in
the p-region; li, effective mobility (cm2 V�1 s�1) for holes
or electrons; Si, surface recombination velocity (m/s) for
holes in the n-region or for electrons in the p-region; Li =
(Disi)

1/2, diffusion length (cm) for holes in the n-region or
for electrons in the p-region; t, d, the thickness (cm) for
the n-region and p-region, respectively, wn, wp, depletion
region thickness (cm) for the n-region and p-region, respec-
tively; p, n, carrier concentration for the p-region and n-
region, respectively; ni is the intrinsic carrier concentration.
From Eq. (4), it is found that (R0A)j is affected by either
minority lifetimes of the Auger mechanism (R0A)Auger or
the radiative mechanism (R0A)Rad. The expression of
Auger lifetime is given in [9] and the radiative lifetime
can be obtained by [10]

sh
R ¼

1

B½nþ ðn2
i =nÞ� ðin the n-regionÞ; ð5aÞ

se
R ¼

1

B½p þ ðn2
i =pÞ� ðin the p-regionÞ; ð5bÞ

where sh
R, se

R are the radiative lifetimes for holes in the n-re-
gion and for electrons in the p-region. B is a constant de-
fined by

B ¼ 5:8� 10�13e1=2
1

1

m�e þ m�h

� �3=2

1þ 1

m�e
þ 1

m�h

� �
� ð300=T Þ3=2E2

g;

ð5cÞ

where e1 = 14, the high-frequency dielectric constant, and
m�e ;m

�
h are the electron or hole effective mass, Eg is the In-

GaAs bandgap energy.
The G–R (generation–recombination) mechanism

appears in the space–charge region, which is caused by lat-
tice defects and impurities in the forbidden gap of a semi-
conductor material. The R0A product associated with
intrinsic carrier concentration and parameters in the deple-
tion region is indicated to [10]:

ðR0AÞGR ¼
ffiffiffiffiffiffiffiffiffiffiffi
sn0sp0
p

V bi

qniWf ðbÞ ; ð6Þ

where sn0, sp0 are the electron and hole lifetime within the
depletion region, W is the width of the depletion region and
Vbi is the built-in voltage through the p–n junction. The
function f(b) is a definite integral depending on the position
of recombination centers in the energy gap. For simplicity,
we further assume f(b) = 1, and sn0 = sp0 = s0 = 1/VthrNf

[11], (R0A)GR is shown as following [10]

ðR0AÞGR ¼
V bi

qniwV thrN f

; ð7Þ

where Vth = (3kT/m*)1/2, r is the capture cross section and
Nf is the trap density.

In general, there are two kinds of tunneling current in
the photovoltaic detector. They are direct and indirect tun-
neling current cross the junction [10]. Because the probabil-
ity for indirect tunneling is much lower than that for direct
tunneling, direct tunneling is only considered in InGaAs
detectors. The R0A with the tunneling is defined by [11]

ðR0AÞTunnel ¼
kT

CT tqðdn þ dpÞ2
; ð8Þ

where C = qm*/8p2⁄3 is a constant. The dn or dp is the dif-
ference between Fermi levels and conduction base or va-
lence top (see Fig. 2). Tt is the tunneling probability
determined by the potential barrier shape. Two types of po-
tential barriers, namely triangular and parabolic barriers,



Fig. 2. The bandgap of p–n homojunction structure.
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are often considered. For a triangular barrier, the probabil-
ity is given by [10]

T t1 ¼ exp �
4
ffiffiffiffiffiffiffiffi
2m�
p

E3=2
g

3q�he

 !
ð9Þ

and for a parabolic barrier:

T t2 ¼ exp �
p
ffiffiffiffiffiffi
m�
p

E3=2
g

2
ffiffiffi
2
p

q�he

 !
; ð10Þ

where e = Vbi/W is the built-in field through the depletion
region.
Fig. 3. The dependence of the R0A components and total R0A on p-side
carrier concentration, (a) and (b) for the triangular barrier and the
parabolic barrier, respectively. In the condition of d = 5 lm, t = 5 lm,
lh = 400 cm2/V s, le = 3000 cm2/V s, Sp = 0, Se = 0, rNf = 0.1 cm�1.
2.2. Quantum efficiency

The formula of the quantum efficiency within the differ-
ent regions is obtained by two current density, two continu-
ity and Poisson’s equations under the condition of having
light injected. When the incident light is injected from the
n-region, the quantum efficiency of the n-region, p-region
and depletion region is given as follows [10]:
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gdr ¼ ð1� rÞ½e�aðt�wnÞ � e�aðtþwpÞ�: ð13Þ

Therefore, total quantum efficiency is

g ¼ gn þ gp þ gdr; ð14Þ

where a: absorption coefficient; r: reflection coefficient.
If light is injected from the p-region, the quantum effi-

ciency of the n-region, p-region, and depletion region is
the same as (11)–(13), but corresponding parameter should
be exchanged, that is n! p, re! rh, Le! Lh, wp! wn,
t! d, p! n, rh! re, Lh! Le, wn! wp, d! t.

3. Calculation results and discussions

By the Eqs. (3)–(8), (R0A)Auger, (R0A)Rad, (R0A)GR, and
(R0A)Tunnel are obtained at 300 K. Fig. 3 shows the
(R0A)total and the (R0A) components that vary with the car-
rier concentration of p-region, where the parameters are
d = 5 lm, Se = 0, n = 1018 cm�3, t = 5 lm, Sp = 0, rNf =
0.1 cm�1. Moreover, mobility for holes or electrons is con-
sidered as a constant. They are lh = 400 cm2/V s and
le = 3000 cm2/V s. In fact, mobility of holes or electrons
varies with carrier concentration. Our results indicate that
the change is small, and only occurs in the lower
(<1017 cm�3) or higher concentration (>1019 cm�3) (it will
be reported in the other paper).
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The situations of the triangular barrier and the
parabolic barrier are shown in the figure, respectively. It
is known that the tunnel of direct-gap requires degenerate
state in the p-type and n-type material. The tunneling
influence appears when the p-region carrier concentration
is higher. The results are coincidence with theoretical anal-
ysis. Comparing the Fig. 3a with Fig. 3b, it is easy to be
found that when p > 1018 cm�3, the tunnel of the triangular
barrier hardly influences (R0A)total, while the tunneling
mechanism on the parabolic barrier type is the mainly
source which reduces (R0A)total seriously, When p <
1017 cm�3, (R0A)total is determined by (R0A)GR. In the
range of 1017 cm�3 < p < 1018 cm�3, various R0A compo-
nents contribute to (R0A)total. Fig. 4 shows that the depen-
dence of (R0A)total and the R0A components on the n-side
carrier concentrate as a function of rNf with the same
parameters of Fig. 3 except for p = 1017 cm�3 instead of
n = 1018 cm�3. Because of (R0A)GR / 1/(rNf), rNf may
be taken as one parameter. The tunneling mechanism
may be neglected when p-region material has not degener-
acy. From Fig. 4, we can see that R0A is only limited by
(R0A)GR in the condition of rNf P 0.01 cm�3. (R0A)GR

increases with the increase of the carrier concentration of
n-region or p-region. The reducing of rNf obviously
improves (R0A)GR and (R0A)total, because of D� /

ffiffiffiffiffiffiffiffi
R0A
p

,
higher device performance can be obtained.

Observing Eqs. (10)–(12), the dependence of the
quantum efficiency on some material parameters is found,
such as carrier concentration, and surface recombination
velocity, thickness, absorption coefficient and reflection
coefficient. Moreover, the direction of the incident light
also affects the quantum efficiency. Except illustrations in
the following discussion, we choose d = 5 lm, t = 5 lm,
lh = 400 cm2/V s, le = 3000 cm2/V s, Se = 0; Sp = 0,
rNf = 0.1 cm�1. In order to simplify the discussion, we
Fig. 4. The dependence of the R0A components and total R0A on n-side
carrier concentration as a function of rNf. In the condition of d = 5 lm,
t = 5 lm, lh = 400 cm2/V s, le = 3000 cm2/V s, Sp = 0, Se = 0.
consider the change of the quantum efficiency with two
parameters, while other parameters keep constant and the
direction of the incident light is from the n-side with the
Fig. 5. The dependence of quantum efficiency, R0A and detectivity on
thickness and surface recombination velocity of the p-region with
t = 5 lm, lh = 400 cm2/V s, le = 3000 cm2/V s, Sp = 0, rNf = 0.1 cm�1.



Fig. 6. The changes of the quantum efficiency, R0A and detectivity versus
n-side carrier concentration with surface recombination velocity Sp as a
parameter. In the condition of d = 5 lm, t = 5 lm, lh = 400 cm2/V s,
le = 3000 cm2/V s, Se = 0, rNf = 0.1 cm�1.

Fig. 7. A relationship of the quantum efficiency and detectivity with n-side
carrier concentration for different n-side thickness. In the condition of
d = 5 lm, lh = 400 cm2/V s, le = 3000 cm2/V s, Sp = 0, Se = 0,
rNf = 0.1 cm�1.
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wavelength 1.59 lm close to bandgap of In0.53Ga0.47As
material. Depending on the injected light energy, the
absorption coefficient is assumed to be a = 2.61 · 105 m�1

[12]. Fig. 5 shows the dependence of quantum efficiency,
R0A and detectivity on thickness and surface recombina-
tion velocity of the p-region with n = 1018 cm�3,
p = 1017 cm�3. Due to light from the n side, the intensity
is reduced through the n-region to lead to less the
light absorption of p-region. Comparing Fig. 5a with
Fig. 5c, we can find that surface recombination velocity
of the p-region has little influence to the quantum effi-
ciency. Because D* is affected by the quantum efficiency
and R0A, it makes that surface recombination velocity
has more influence to D* than to quantum efficiency.
Fig. 6a–c present the changes of the quantum efficiency,
R0A and detectivity versus n-side carrier concentration with
surface recombination velocity Sp as a parameter, for
p = 1017 cm�3. In Fig. 6a and c, it is implied that a influ-
ence of surface recombination velocity Sp to the quantum
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efficiency and detectivity may be neglected when the n-side
carrier concentration is more than 1017 cm�3 and yet
surface recombination velocity Sp has more effect to the
quantum efficiency and detectivity when the n-side carrier
concentration is less than 1017 cm�3. D* peak is appeared
in Fig. 6c and position of peak moves towards low carrier
concentration region when Sp reduces. Fig. 7 shows a
relationship of the quantum efficiency and detectivity with
n-side carrier concentration for different n-side thickness.
An influence of n-side thickness to the quantum efficiency
and detectivity is complex. From Fig. 7a and b, it is found
that the increment with n-side thickness leads to reduce the
quantum efficiency and detectivity within n P 1017 cm�3.
This is because n-side thickness is increased to result in
enhancing recombination probability. In Fig. 7b, D* has
peak value for the same thickness, and the position of peak
moves with the change of n-side thickness. The thinner n-
region contributes to elevate D*. The result is basically in
keeping with D* reported by XeICs [13].
4. Conclusion

By the theory study on detectivity of In0.53Ga0.47As pho-
tovoltaic detector, a result of the dependence the detectivity
on material parameters has been obtained. Because D* is
determined by the quantum efficiency and R0A, while the
quantum efficiency and R0A strongly depend on material
parameters, it makes the dependence of D* on carrier con-
centration, surface recombination velocity and thickness in
the p-region and n-region. We have a conclusion that the
influence of p-region material parameters and n-region
material parameters on D* is different when the incident
light is from n-side. n-region material parameters may
result in D* change in the much extent. During the material
growth and device fabrication, optimum material parame-
ters will improve D*. Our result is a using tool for fabricat-
ing higher performance InGaAs photovoltaic detector with
lattice matched to the InP substrate.
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