
544 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 47, NO. 3, MARCH 2000

Theoretical Analysis of the Detectivity in N-p and
P-n GaSb/GaInAsSb Infrared Photodetectors

Yuan Tian, Baolin Zhang, Member, IEEE, Tianming Zhou, Hong Jiang, and Yixin Jin

Abstract—In this paper, the detectivity as well as the quantum
efficiency and the zero-bias resistance-area product in N-p
and P-n GaSb/Ga0 8In0 2As0 19Sb0 81 infrared detectors is
analyzed, based on the incident wavelength and the parameters
of GaSb and Ga0 8In0 2As0 19Sb0 81. The results show that
the detectivity for the N-p structure is much higher than that
for the P-n structure. In addition, the tunneling mechanism in
both heterostructures strongly decreases the performance of
Ga0 8In0 2As0 19Sb0 81/GaSb detectors. The optimum detectivity
is obtained when the zero-bias resistance-area product is limited
by the generation-recombination mechanism. Furthermore,
the detectivity in the N-p heterostructure is saturated with
a small thickness of p-Ga0 8In0 2As0 19Sb0 81 while the one
in the P-n heterostructure is maximum with the thickness of

-Ga0 8In0 2As0 19Sb0 81 in the range of 2.5–3 m.

NOTATION

Electron concentration in n-side
Width in n-side depletion region
Hole diffusion length in n-side
Hole diffusion coefficient in n-side
Surface recombination velocity in n-side
Reflection on the n-side surface
Absorption coefficient on the n-side
Electron mobility
Transmission coefficient for electrons
Width in GaSb
Width in GaInAsSb
Trap capture cross section
Trap density
Effective mass
Hole concentration in p-side
Width in p-side depletion region
Electron diffusion length in p-side
Electron diffusion coefficient in p-side
Surface recombination velocity in p-side
Reflectivity on th p-side surface
Absorption coefficient on the p-side
Hole mobility
Transmission coefficient for holes
Boltzmann's constant
Detector temperature
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Fig. 1. Structure of GaInAsSb/GaSb detector.
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I. INTRODUCTION

QUATERNARY GaInAsSb alloys are of great interest
for mid-infrared applications including infrared re-
mote sensing systems, environmental monitoring and

optical fiber communications [1]–[3]. They can be grown
lattice-matched on GaSb substrates, and GaInAsSb/GaSb
forms type-II heterojunctions with a staggered or broken
alignment [4]. For the type-II band alignment, electrons and
holes are separated at both sides of heteroboundary. More-
over the wide-band-gap material is considered as a window
layer, in which the high-energy photons are absorbed in
the wide-band gap material while the low-energy photons
cross the wide-band-gap material and are absorbed in the
narrow-band-gap material near the heterointerface. Alloys
of GaInAsSb lattice-matched to GaSb span the wavelength
range of 1.7–4.3 m and thus the GaInAsSb/GaSb material
system is ideally suited for devices to be used in this range.
For example, Zhang [5] reported GaInAsSb/GaSb infrared
photodetectors prepared by MOCVD for room-temperature op-
eration at 2.25µm. Shi [6] fabricated resonant cavity enhanced
GaInAsSb photodectors grown by MBE for room-tempera-
ture operation at 2.35 m. In this paper, the detectivity ,
associated with the quantum efficiencyand the zero-bias
resistance-area product , is calculated and analyzed for
GaSb/Ga In As Sb infrared photodetectors with N-p
or P-n structures (upper-case letters present wide-band-gap ma-
terials and lower-case letters are narrow-band-gap materials).

II. THEORETICAL MODEL

The structure for a GaInAsSb/GaSb detector is shown in
Fig. 1, in which the incident light is injected from the front
surface of the GaSb material. Rich-GaSb GaInAsSb/GaSb
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Fig. 2. Energy band profile before and after the formation of an abrupt N-p staggered type II heterojunction.

material systems are staggered type-II heterostructures. That is,
either the conduction or the valence band of one semiconductor
lies outside the bandgap of the other material, and the band off-
sets have the same sign (referring to the electron level), which
is shown in Fig. 2(a). According to Anderson's model [7], when
the two kinds of material form an abrupt p-n heterojunction, a
spike and a notch occur in the conduction or valence band at
the heterointerface. Fig. 2(b) shows the energy band profile of
the staggered type-II N-p heterojunction. In order to get a clear
definition of relevant physical quantities for the discontinuity
of a heterojunction, the definition based on Fig. 2(b) is listed
as follows[8].

1) and are the bandgaps of the wide- and
narrow-band materials.

2) is defined as the difference between the wide- and
narrow-band semiconductors so that .

3) and are the conduction- and valence-band
discontinuities at the heterointerface. means
that the conduction-band edge of the wide-band semi-
conductor is at a higher energy level compared to that
of the narrow-band semiconductor, and vice versa if

. means that the valence-band edge
of the wide-band semiconductor is at a lower energy
level compared to that of the narrowband semiconductor,
and vice versa if .

4) is the built-in potential at the heterojunction deple-
tion region and are the barriers due to the
band bending of the two sides of the heterointerface,
respectively. means that the band bending of the
wide-band semiconductor is upward, and vice versa if

.
5) is the distance between the Fermi-level and the band

edge. For , the Fermi-level is in the forbidden band,
while for , the Fermi-level is up above the conduc-
tion band or below the valence band.

6) and , defined as the electron affinity and work func-
tion of a given semiconductor, respectively, are energies
required to remove an electron from the bottom of the
conduction band and from the Fermi-level to
the vacuum level, respectively.

Several simple equations linking the above quantities are
listed:

(1)

(2)

(3)

(4)

(for an N-p heterostructure) (5)

(for a P-n heterostructure). (6)

In this paper, the selected structure is GaIn
As Sb /GaSb, in which the lattice of GaIn
As Sb material is matched to GaSb. Thus, the effective
wavelength range is in 1.7–2.5m. The figure of merit usually
used to characterize the sensitivity of infrared photodetectors
is the detectivity , which depends on the wavelength of the
incident light , the quantum efficiency and the zero-bias
resistance-area product

(7)

where , and is the saturated current.
As discussed in a homojunction GaInAsSb infrared detector

[9], we consider four fundamental kinds of noise mechanisms
in GaInAsSb/Gasb detectors: Auger and radiative mechanisms
(both in the diffusion current) in the n and p neutral regions,
generation-recombination mechanism (G-R) in the depletion re-
gion, and tunneling mechanism (corresponding to electrons and
holes) through the barriers at the heterointerface. In this calcu-
lation, either for the N-p structure or for the P-n structure, the
GaSb material is considered as a window layer, from the surface
of which the light is incident, and only the photons with the en-
ergy lower than the GaSb bandgap can cross GaSb and reach
GaInAsSb.
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TABLE I
DIFFUSION AND TUNNELING CURRENTS AND THEENERGY PROFILES IN THEHETEROSTRUCTURE.

A. Auger Mechanism and Radiative Mechanism

The diffusion current, the fundamental current in a p-n junc-
tion detector is determined by the Auger and radiative mech-
anisms [ and ]. Because of the discon-
tinuities in the bandedges at the heterointerface, the diffusion
current in a p-n heterojunction is different from that in a p-n
homojunction. Considered the transport of electrons in an N-p
heterojunction in Fig. 2(b), only the electrons in the wide-band
material with the energy higher than the barrier can reach
the heterointerface of the narrowband material, and similarly,
the electrons in the narrowband material with the energy higher
than the barrier can reach the heterointerface of
the wideband material. These two components contribute to the
electron diffusion current. The hole diffusion current has the
same process. The diffusion currents for electrons and holes as
well as the energy band profiles for N-p and P-n heterostructures
are shown in Table I, respectively. In the diffusion currents, the
parameters of and are given by

(8)

(9)

where is diffusion length.

B. Generation-Recombination Mechanism

As in an n-p homojunction, the carrier transport across a het-
erojunction is affected by the trap level in the depletion region,
in which the current flow occurs by the generation-recombina-
tion of electron-hole pairs [10]. is related with the
intrinsic carrier concentration and the parameters in the deple-
tion region [11], [12]. However, because of the discontinities in
the heterojunction band edges at the heterointerface, the G-R
mechanism is divided into two parts, in the n and p
depletion regions,

(10)

The subscript presents the material type.

C. Tunneling Mechanism

In type-II heterojunctions, both electrons and holes are sep-
arated at the both sides of the heteroboundary. If the thickness
of the barrier is sufficiently thin, the electrons and holes with
energy below the barrier can cross the heterointerface to form
the tunnel current, which is an important noise mechanism [13],
[14]. A numerical model for tunneling across the heterointer-
face is presented by developing a therminoic-field emission
boundary condition, which is formulated based on the WKB
approximation, and the detailed derivation is described in [13].
There, only the electron tunneling in the conduction band was
considered. However, for the staggered type-II heterojunction,
a barrier exists at the heterointerface of the valence band and
the hole tunneling must be considered. The tunneling currents
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in p and n regions for N-p and P-n heterostrucutures are also
shown in Table I. In the tunneling currents, the tunneling factors
of and are given by

(11)

(12)
is the tunneling probability [15]

(13)

where and are defined as the position of beginning and
end for carrier tunneling.

D. Quantum Efficiency

When photo flux is incident on the surface of the wide-
band gap material, the generation rate of electron-hole pairs as
a function at distance from the surface is [16]

(14)

Under the condition of low injection and an abrupt junction
in a one-dimensional (1-D) model, at wavelengthwhere the
absorption coefficient is , the quantum efficiency of a detector,
from the three regions , two neutral regions and a
depletion one, are as follows.

1) Quantum Efficiency for the N-p Heterostructure [7], [17],
[18]: See (15) and (16), shown at the bottom of the page, and

(17)

The total quantum efficiency is given by

(18)

2) Quantum Efficiency for the P-n Heterostructure:The ex-
pressions of the quantum efficiency for the P-n heterostructure
are the same as those for the N-p heterostructure, but the pa-
rameters in the N-p heterostructure should be exchanged to the

Fig. 3. Detectivity in N-p and P-n structures as a function of the incident
photon wavelength withn = p = 10 cm , N = 10 cm , � =

10 cm S = S = 0 and t = 0:5 �m, d = 5 �m (for the N-p
structure) ort = 5�m,d = 0:5�m (for the P-n structure) and the experimental
responsivity spectrum for p-Ga In As Sb /N-GaSb photodetector at
zero bias with the incident light from the GaSb surface.

corresponding ones in the P-n heterostructure, which are shown
as follows:

The definitions for are the same as those in
the diffusion currents.

The parameters before arrow are the ones in the N-p structure
and those after arrow are in the P-n structure.

III. RESULTS AND DISCUSSIONS

The calculations have been performed on p-N and n-P
Ga In As Sb /GaSb infrared photodetectors at 300 K.
The incident light is from the surface of the GaSb material with
an ideal state, in which all photons with the energy lower than
the bandgap of GaSb are assumed to cross GaSb and reach
Ga In As Sb . Attenuation of the incident light due
to the surface recombination, impurity absorption and lattice
scattering, etc., is neglected. The dependence of GaInAsSb
alloy parameters on the compositions has been published
in [19]. In our calculation, and in the p- and n depletion
regions are assumed to be the same and the mobilities in the p
and n regions are fixed to be cm /V s and
cm /V s [20], respectively.

Fig. 3(a) shows the detectivity in N-p and P-n struc-
tures as a function of the incident photon wavelength, with

cm , cm , cm
and m, m (for the N-p

(15)

(16)
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structure) or m, m (for the P-n structure).
Fig. 3(b) shows the experimental detecitivity curve for
p-Ga In As Sb /N-GaSb photodetector at zero bias
with the incident light from the GaSb surface [5]. Fig. 3(a)
clearly shows that in the N-p heterostructure is much
higher than that in the P-n heterostructure, which is caused
by the quantum efficiency . In the N-p heterostructure,
the quantum efficiency is mainly contributed by the com-
ponent in p-Ga In As Sb , and the component in
N-GaSb is zero in the ideal condition. The quantum effi-
ciency in the P-n heterostructure is mainly contributed by
the component in the n-GaIn As Sb and the one
in the P-GaSb is zero. The quantum efficiency we obtained
is dependent on the minority-carrier diffusion current, in
which the Auger and radiative mechanisms are included. At

cm , the minority-carrier diffusion length
and in p- and n-Ga In As Sb are m
and m, respectively, which are determined by the
temperature and minority-carrier lifetimes associated with
Auger and radiative mechanisms. In p-GaIn As Sb ,
since (the p-side thickness) the most minority carriers,
electrons, produced by the incident photons, will contribute
to the diffusion current before recombineing. However, in
n-Ga In As Sb , because of (the n-side
thickness), only those minority carriers (holes) which do not
recombine contribute to the diffusion current. Thus the quantum
efficiency in p-Ga In As Sb is higher than the one
in the n-Ga In As Sb , which explains the higher

in the N-p heterostructure. In the N-p heterostructure, the
maximum is cmHz /W at m
( eV) and the one in the P-n structure is
cmHz /W at m ( eV). In Fig. 3(b), at the
peak wavelength of 2.25m, the room temperature detectivity

is only cmHz /W [5]. Comparing the calculated
detectivity for the N-p heterostructure with the experimental
one, the theoretical result is much higher than the experimental
one. In the theoretical analysis, several hypotheses are consid-
ered, for example, the intensity of the incident photons does
not decrease through GaSb; except for the four kinds of noise
mechanisms; other kinds of noise mechanisms are neglected.
However, in practice, all noise contribution should be taken
into account in the detectors, which decreases the obtain the
high detectivity. In addition, from the comparison between
Fig. 3(a) and (b), we know that the detectivity of detectors will
be increased with the improvement of the technology for the
material growth and device fabrication.

As shown in Section II, . Therefore, it is neces-
sary to analyze how the material parameters affect and in
order to obtain the optimum . In the following, the influence
of the material parameters on as well as and in the
N-p and P—n heterostructures is discussed, with the wavelength
of the incident light at the value where the maximum is ob-
tained. Because the energy of the incident light is lower than the
GaSb bandgap, the quantum efficiency in GaSb is equal to zero
in the ideal condition. In addition, only the carrier concentration
in GaSb influences by changing the thickness of the depletion
region in Ga In As Sb . Other parameters, such as the
thickness and surface recombination velocity of GaSb, will not

Fig. 4. The dependence ofR A and its components on the carrier
concentration of p-Ga In As Sb (p) with n = 10 cm ,
�N = 0:1 cm , t = 0:5 �m, d = 5� m andS = S = 0 in the N-p
structure.

change . Moreover, because the diffusion current due to the
minority carriers in GaSb is too small to affect is al-
most not influenced by the thickness and surface recombination
velocity of GaSb, although both of them affect through
Auger and radiative mechanisms. Therefore, our discussion is
focused on the influence of the GaSb carrier concentration and
the parameters of GaIn As Sb on and .

A. Detectivity in the N-p GaSb/GaIn As Sb
Heterostructure

Fig. 4 shows and its components as a function of the
p-Ga In As Sb carrier concentration , with

cm , m, m and . In
addition, and as a function of and are also
shown in Fig. 4. Because of , we just show
the product as a parameter. From Fig. 4, we can see the
following.

1) and are higher than those in-
homostructure Ga In As Sb detectors [9]. This
is because that the barriers appear at the N-p heterointer-
face, not only for the conduction band but also for the va-
lence band, which impede the minority-carrier diffusion.
Therefore the diffusion current is reduced and the influ-
ence of the Auger and radiative mechanisms is weakened.

2) is limited by and , while
and almost do not affect at
cm or higher values. Because of

, it is aninevitable outcome that if both and
is reduced, and will be improved.

3) is divided into two parts; the one for
low p is caused by the electron tunneling in N-GaSb
while the one for high p is by the hole tunneling in
p-Ga In As Sb .

4) is dominated by the tunneling mechanism in the
most range of p, and the tunneling mechanism strongly af-
fects the performance of photodetectors. Only in the range
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Fig. 5. Dependence ofR A and D on the carrier concentration of
p-Ga In As Sb (p) with the carrier concentration of N-GaSb(n)
as a parameter, in the condition of�N = 0:1 cm , t = 0:5 �m,d = 5 �m
andS = S = 0 in the N-p structure.

of cm cm , is limited
by and its optimum value can be obtained.

Fig. 5 shows and as a function of the
p-Ga In As Sb carrier concentration for several
N-GaSb carrier concentrations , with cm ,

m, m and . and its shape are
controlled by . The tunneling mechanism strongly depends
on the carrier concentration either in the N region or in the p
region. In Fig. 5(a), shows a little improvement at
higher n and p. But, with increasing n, the electron tunneling in-
creases, and at cm , becomes the main contribution
to in the most range of low p. In contrast, the contribution
of the hole tunneling to gradually decreases and becomes
dominant at higher p. This is because, with increasing p and
decreasing n, the built-in field and thickness of the N-GaSb
depletion region become larger, both of which reduce the
tunneling probability for electrons. On the contrary, the two
factors increase the tunneling probability for holes. Except for
the range where is controlled by the hole and electron
tunneling, is limited by the G-R mechanism, and only in
this range, the optimum can be obtained. Additionally, in
this range, although the maximum value of is at
cm , which is a little higher than those at cm
or lower n, the range for the optimum is much narrower
than the others, which is disadvantageous in practice. In the
material fabrication, if the N-GaSb carrier concentration is
selected to be cm , the p-Ga In As Sb
carrier concentration must be controlled in a very narrow range
to obtain the high . Otherwise, the performance of detectors
markedly declines because of the tunneling. However, if the
carrier concentration in N-GaSb is selected as cm ,
the carrier concentrations of the N- and p-side have a wide
range to be chosen for optimum detector performance. In
addition, for the material growth, it is easy to control the carrier
concentration below to cm .

Fig. 6 shows the dependence of and on the
p-Ga In As Sb carrier concentration with the
p-Ga In As Sb surface recombination velocity
as a parameter, in the condition of cm ,
cm , m, m and . Because the change

Fig. 6. Dependence ofR A; � and D on the carrier concentration of
p-Ga In As Sb (p) with the surface recombination velocity of
p-Ga In As Sb (S ) as a parameter, in the condition ofn = 10
cm , �N = 0:1 cm t = 0:5 �m, d = 5 �m andS = 0 in the N-p
structure.

of is associated with Auger and radiative mechanisms,
and are also plotted in Fig. 6(a).

Compared to the three parts of Fig. 6, it can be found that
is limited by and its shape is similar to that of ,

furthermore the quantum efficiency affects . In an n-p
homojunction Ga In As Sb detector [9], the high
p-side surface recombination velocity strongly reduces
and , and therefore decreases. An effective way to reduce
the surface recombination velocity is to grow an epitaxial
layer on the p-Ga In As Sb and to form homo- or
heterointerface. We have reported that, in the n-n and p -p
homojunctions, the heterointerface recombination velocities
are effectively reduced [21].

is almost not affected by the p-GaIn As Sb
thickness because is controlled by in

cm . However, markedly increases with largein this
range because, since , thicker thickness will improve the
absorption for phonons. Withas a parameter, the dependence
of and on is similar to that in Fig. 6. Although the shape
of is similar to , the increase in improves . In order
to find the maximum and with , Fig. 7 shows and
as a function of with the same other parameters in Fig. 6 and

cm at which the optimum is obtained.
Because almost keeps as a constant with the change of

controls . With the change of , both and rapidly
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Fig. 7. Dependence of� and D on the thickness of p-Ga
In As Sb (d) with n = 10 cm , �N = 0:1 cm ,
t = 0:5 �m, d = 5 �m,S = S = 0 andp = 5 � 10 cm in the N-p
structure.

Fig. 8. Dependence ofR A and its components on the carrier concentration
of n-Ga In As Sb (n) with p = 10 cm , �N = 0:1 cm ,
t = 5 �m, d = 0:5 �m andS = S = 0 in the P-n structure.

increase and then saturate at m. The maximum and
are 0.655 and cmHz /W, respectively.

B. Detectivity in the P-n GaSb/GaIn As Sb
Heterostructure

Fig. 8 shows and its components as a function of the
n-Ga In As Sb carrier concentration , with

cm , cm , m, m, and
. As in the N-p heterostructure, is limited

only by and , while Auger and radiative
mechanisms almost do not influence . is still
divided into two parts: one is for holes and the other for electrons
shown in Fig. 8. However, the tunneling current for holes is too
low to contribute to . Therefore, in the range of
cm , is limited by , and in the range of

cm by (for electrons). It is clear that the
low and small will improve and .

Fig. 9. Dependence of� andD on the n-side carrier concentration(n) with
the thickness ofn-Ga In As Sb (d) as a parameter, in the condition
of p = 10 cm , �N = 0:1 cm , t = 5 �m, andS = S = 0 in the
P-n structure.

Fig. 10. Dependence of� and D as a function of the thickness of
n-Ga In As Sb (d) with p = 10 cm , �N = 0:1 cm ,
t = 5�m,S = S = 0, andn = 1:6�10 cm in the P-n heterostructure.

The dependence of and on -Ga In As Sb
carrier concentration is shown in Fig. 9 with the
n-Ga In As Sb thickness as a parameter,
with cm , cm , m, and

. Although the large reduces and
in the n-Ga In As , is controlled by

in cm shown in Fig. 8 and the change
of with is very small compared to the influence of

and . Therefore, is not shown in
Fig. 9. The shape of is similar to but the value of
is affected by in cm . In addition, the large
will improve and , and the peak of moves to the low
n. In order to find the largest for the optimum and , the
dependence of and on is plotted in Fig. 10 with the
same value for other parameters as in Fig. 9 and
cm at which the maximum value of is obtained. Unlike
in Fig. 7, and increase quickly and go through a peak and
at last saturate asincreases. The peak values ofand are
0.504 and cmHz /W, respectively, in the range of

m m.
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As shown in Fig. 8, the optimum and are controlled
by the G-R mechanism. Moreover, with increasing the P-GaSb
carrier concentration, has a little improvement and
therefore increases a little, which is similar to that in Fig. 5.

IV. CONCLUSION

In this paper, the theoretical analysis of the detectivity
associated with the quantum efficiency and the zero-bias
resistance-area product is performed for N-p and P-n
GaSb/Ga In As Sb infrared photodetectors op-
erated at 300 K, as a function of the wavelength of the incident
light using the parameters of GaSb and GaIn As Sb .
The calculated results show that the behavior of depends
on and . The conclusions are as follows.

1) The detectivity for the N-GaSb/p-GaIn As Sb
detector is higher than that for the
P-GaSb/n-Ga In As Sb detector because the
quantum efficiency in the p-Ga In As Sb is
higher than that in n-Ga In As Sb , which is a
factor to determine .

2) In both N-p and P-n structures, is limited by the
generation-recombination and tunneling mechanisms.
The tunneling mechanism strongly reduces and

. In the range where is controlled by ,
the optimum can be obtained.

3) is affected by the material carrier concentra-
tion, the trap density, and the trap capture cross section.
The last two factors strongly change and . The
low and effectively improve . For example, with
the same parameters in Fig. 4 for the N-p structure, at

cm , is about cmHz /W,
while at cm , can reach about
cmHz /W. With increasing carrier concentration, either
for the n-side or for the p-side, both and have a
little improvement.

4) With increasing surface recombination of the n- and
p-Ga In As Sb , and are re-
duced in the N-p and P-n structures. Additionally,

is almost not affected by the thickness of
Ga In As Sb . However, the influences of
the thickness of Ga In As Sb on and
are different for the N-p and P-n structures. In the N-p
structure, and reach saturation with a finite thick-
ness of p-Ga In As Sb , while the maximum
values of and are obtained with the thickness of
n-Ga In As Sb in the range of 2.5–3m.

5) Except for the carrier concentration in GaSb, is al-
most not influenced by the thickness and the surface re-
combination of GaSb, both of which are associated with
Auger and radiative mechanisms to affect . On the
other hand, the energy of the incident light is lower than
the GaSb bandgap, which makesin GaSb zero in the
ideal condition. Thus, the parameters of the thickness and
surface recombination velocity in GaSb do not influence
. The total influence of the two factors determines that

the two parameters do not affect .
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