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In this paper, the performance is analyzed for the P;—p,—n and N;—n,—p hetero- and homojunc-
tion GaSb/Gayslng,Asy19Sbog1 photodetectors operated at 300 K, based on the incident wave-
length and the parameters of GaSb and Gagglng,Asy19Sbgg;. The analyzed results show that the
detectivity is much higher with the light incident first through the p-type than first through the n-
type Gagglng,Asp19Sbps; for both structures. In addition, the carrier concentration of GaSb
should be as low as possible to reduce the tunneling noise through the P;—p, and N;-n, hetero-
junctions. With the same condition for the two structures, the N;—n,—p structure is more advantage
than the P;—p,—n structure because the high P;—p, heterojunction recombination velocity in-
creases the Auger and radiative noise mechanisms, which limit the performance of photodetectors.

1. Introduction

Photodetectors operating in the 1 to 3, 3 to 5, and 8 to 12 um atmospheric windows
have a variety of commercial applications in air pollution and industrial process control,
automobile emission monitoring, and future lightwave communication systems using
novel fiber materials [1 to 3]. HgCdTe (MCT) has been the dominate material system
for these applications [4 to 6]. However, it suffers from the problem of instability and
non-uniformity growth. There has been much interest in the use of the GalnAsSb qua-
ternary alloy system as an alternative to MCT driven by the advanced material growth
and processing technology. This quaternary alloy system will provide room temperature
IR detectors adjustable over the 1.7 to 4.5 um wavelength range [7, 8]. With proper
device design, both the cut-on and cut-off wavelength can be tailored. A significant
advantage of using quaternary systems over binary and ternary compounds is the abil-
ity to “tune” the bandgap while still providing the lattice-matched growth to the sub-
strate material. Another expected advantage is that this detector structure will give a
good detectivity at room temperature, while most commercially available detectors re-
quire cooling to liquid nitrogen temperature.

The performance of GalnAsSb detectors is limited by noise mechanisms and the
quantum efficiency. In previous papers, the detectivity related with the above two fac-
tors for p—n homojunction detectors operated at room temperature have been dis-
cussed in detail [9 to 11]. Moreover, the performance of the p*-p-n and n*-n-p
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GalnAsSb photodetectors is also reported [12]. For the three-layer structure, the detec-
tivity has much improvement compared to that for the two-layer structure, because
the incident photons can be sufficiently absorbed for the three-layer structure and the
quantum efficiency is increased. In addition, the interface recombination at the
isotype homojunction (p*-p or n'-n junction) is reduced by the heavily doped
layer, which is useful to improve the detector performance. Based on the above
considerations, in this paper the performance of the P-p—n and N-n-p hetero- and
homojunction GaSb/Gagglng,Asy19Sbgg; detectors is analyzed, in which the
GapglngAsg 19Sbg gy material is lattice-matched to the GaSb material. (The capital let-
ters represent the wide bandgap materials and the small letters represent the narrow
bandgap materials.) When using a wide bandgap material as epitaxial layer, the cut-on
and cut-off wavelengths can be tailored because the wide bandgap material is consid-
ered as a window layer, in which the high-energy photons are absorbed by the wide
bandgap material, while the low-energy photons cross the wide bandgap material and
are absorbed by the narrow bandgap material near the heterointerface, which is useful
to select the working-wavelength for detectors. In the n—p homojunction, four kinds of
noise mechanism are considered: the Auger and radiative mechanisms in the n- and
p-regions, the generation—-recombination (GR) mechanism in the n—p depletion region
and the direct-band tunneling through the n—p depletion region [11]. In addition, in the
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Fig. 1. The structures for Ny—n,—p and P;—p,—n hetero- and homojunction
GaSb/Gag gIng 2Asg 19Sbg g1 photodetectors
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Table 1
Tunneling current in the N—n and P—p heterojunction
N-n P-p
energy band N 000 n

profile mgiﬁ
i~ Tin

tunnelin * qVay +Ox qVa, + 62
corront Jo = A" TPy exp| =0 Jyy = AT Py exp( — T2
Emin = max [EC(O+), EC(WN)} Emax = min [E\/(O_)7 E\/(Wz)]

N-n and P-p isotype heterojunctions, besides the GR mechanism, the heterojunction
tunneling mechanism is an important noise mechanism to effect the detector perfor-
mance.

2. Theoretical Analysis

The GaSb/GalnAsSb structure can be fabricated as either a frontside or backside illumi-
nated detector. Fig.1 shows the structures for N;-GaSb/n,-Gagglng,Asg19Sbggi/p-
Gagglng2Asp10Sbggr  and  P;-GaSb/p,-Gag glng 2Asg 10Sbg g1/n-Gag gIng 2 Asg 19Sbg g1
photodetectors, respectively. At the N—n and P—p heterointerfaces, the energy bands are
discontinued, and spikes and notches appear. The effective wavelength is in the range of
1.7 to 2.5 um. The incident light is from the GaSb surface or from the GalnAsSb surface,
which is defined as the back- or frontside illuminated case, respectively. The figure of
merit used to characterize the sensitivity of photodetectors is the detectivity D, which is
dependent on the wavelength of the incident light A, the quantum efficiency # and the
zero-bias persistence product RyA,

D* = % (RoA/4KT)"?. 1)

RpA can be expressed by RypA = KT/qJ, and J; is the noise saturated current.
The detail for the noise mechanisms and the quantum efficiency is shown in the
appendix (see also Table 1).

3. Results and Discussions

In this paper, the RyA, quantum efficiency () and detectivity (D*) are calculated and
analyzed for P;-GaSb/p,-GagglngAsg.19Sbgg1/n-Gag glng,Asg19Sbgg; and N;-GaSb/n,-
Gag glng2Asg10Sbg s1/p-Gag sIng 2Asp 10Sbg g1 photodetectors operated at 300 K. The in-
cident light is from the GaSb surface or from the Gagglng,Asy19Sbgg; surface with an
ideal state, in which all photons with the energy lower than the material bandgap are
assumed to cross this material and to reach the next material without any loss. That is,
the weakening of the incident light due to impurity absorption and lattice scattering etc.
is neglected. The basic parameters are listed in Table 2 and the related parameters have
been shown in Ref. [9].
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Table 2
Basic parameters for the P;—p,—n and N;—n,—p hetero- and homo-junction structures
basic parameters T =300 K, N; = 10" em™3, 0, = 10~ cm?
P;—p,—n structure N;—n,—p structure
Py-region p,-region n-region Nj-region  np-region p-region
carrier concen- 10'6 107 10'8 10'6 108 107
tration (cm™>)
width (um) 0.5 5 2 0.5 2 5
mobility (cm*/Vs) 240 240 1000 1000 1000 240
surface recombination 0 0 0 0

velocity (m/s)

Fig. 2 shows the detectivity as a function of the incident light wavelength for P;—
p2—n and Ny—n,—p structures in both the front- and backside illuminated cases, with
other parameters in Table 2 keeping constants. On the assumption that the photons
with energy lower than E, Gasp all cross GaSb without any weakening, the main absorp-
tion appears in the Gagglng,Asy19Sbpg1 p—n homojunction. Based on the bandgap of
GaSb and Gaglng,As19Sbg g1, the cut-on and cut-off wavelengths are 1.7 and 2.5 um,
respectively. A similar phenomenon is shown in the two parts of Fig. 2. High detectivity
can be obtained with the photons first absorbed in the p-Gagglng,Asg19Sbgg; material.
As we know, the minority carrier diffusion is caused by the photons incident into the
material. In the p-type material, the electrons being minority carriers have high diffu-
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Fig. 2. The dependence of the detectivity on the incident light wavelength (1) with both the front-
and backside illuminated cases operated at 300 K for the P;—p,—n and N;—n,—p structures
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sion velocity (embodied by the mobility) and high diffusion length, which makes elec-
trons absorbed sufficiently before recombined, under the condition of the width of the
p-type material shorter than the diffusion length. On the contrary, in the n-type materi-
al, the holes being minority carriers have low diffusion velocity and diffusion length,
and most of the holes are recombined before being absorbed. Therefore, for our dis-
cussed structures, the main absorption is in the p-type Gajglng,Asg19Sbyg; material.
When the light through the n-type Gagglng,Asy19Sbpg; reaches the p-type
Gag glngAsg10Sbg g1, the light intensity is reduced, which makes the absorption in the
p-side decreased and the detectivity weakened simultaneously.

The maximum value of D* is obtained at A = 2.32 um for the N;—n,—p structure with
the frontside illuminated case and for the P;—p,—n structure with the backside illumi-
nated case. In the following, the detectivity for the above two cases is calculated at
A =232 um. Because the absorption of incident photons is in the n—p homojunction,
and as we know that all kinds of noise mechanism are independent, the influence of
the parameters in n- and p-side Gagglng,Asg19Sbgg; material on the performance of
these two structure detectors is the same as that one for the n—p homojunction struc-
ture analyzed in a previous paper [11]. For the two mentioned structures, therefore, in
this paper only the influence (on RpA, n and detectivity) of the parameters in the wide
bandgap GaSb material is discussed in detail.

3.1 Pl-GaSb/pz-Gag_slng_zASngSbo.gl/n-Gao.slno_zASngSbo.gl hetero- and
homojunction structure with the backside illuminated case

Fig. 3 shows RyA and 7 as well as their corresponding components as a function of the
po-side carrier concentration (p,) with other parameters in Table 2 keeping constants.
In Fig. 3a, because of the lower carrier concentration of P;-GaSb, the hole tunneling
through the P;—p, heterojunction does not appear. Except for the GR mechanism, in
the P;—p, heterojunction other noise mechanisms are similar to those in the n—p homo-
junction structure [11]. The high carrier concentration in each layer improves (RoA)gr,
but at the same time the tunneling mechanism strongly reduces RyA. In Fig. 3b, be-
cause the main absorption for the incident photons is in the p-type material, the quan-
tum efficiency is limited by its component in this region, while its other components
almost do not contribute to the quantum efficiency, which decides that the parameters
in the p-side and related ones will have much influence on the detectivity.

The dependence of RyA, 7 and D* on p, is shown in Fig. 4 with the P;-side surface
recombination velocity (S.) as a parameter, moreover (RoA)auger and (RoA)raq are also
plotted in Fig. 4a. Although # is reduced with high S., which decreases D*, the shape
of D* is limited by RoA. The high S, via the heterointerface recombination velocity Sy,
has strong influence on the performance of photodetectors, which is not expected. For
the p*—p-n structure, the influence of the p*-side surface recombination velocity is
limited via S, which is useful to suppress the noise and to improve the detectivity [12].
However, for the P;—p,—n hetero- and homojunciton structure, S, is not limited by S,;
on the contrary, Sy, is improved with high S.. In order to show the influence of S. on
Spp» Fig. 5 shows their relationship with the P;-side width (dp;) as a parameter, keeping
p1 = 10'® cm™> and P2 = 10" cm™3. In this figure, at dp; = 0.5 um, S, is much higher
than S, in the range of S, < 10° m/s, which is caused by the low p; because of S, o 1/p;.
S. via S, affects the Auger and radiative mechanisms and #. With high S, the Auger
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Fig. 3. The dependence of RyA and 7 on the p,-side carrier concentration (p,) operated at 300 K
for the P;—p,—n structure

and radiative mechanisms become the main noise mechanisms to decrease RoA (seen in
Fig. 4a), moreover 7 also decreases, both of which affect the improvement of the detec-
tivity. This result shows that the high P;-side carrier concentration is necessary to re-
duce S, at the P;—p, isotype heterojunction in order to improve the detectvity. In the
range of S. < 10% m/s, Spp 1s increased with high dp;, from which is clearly obtained that
D* will be reduced with high dp; while keeping S, < 10% m/s.

Fig. 6 shows the dependence of RoA and D* as well as (RoA)pypye,, On p2 With the
change of the P-side carrier concentration (p;). With increasing p;, the hole tunneling
through the P;—p, heterojunction strongly affects RyA because with increasing p;, the
barrier decreases with reducing the build-in field and the width of the depletion region,
which makes the hole tunneling rate large. D* is limited by RoA, therefore the decreas-
ing of RyA must reduce D*. There exists a contradiction between the diffusion (includ-
ing Auger and radiative mechanisms) and tunneling mechanisms. On the one hand, in
order to suppress the Auger and radiative mechanisms, it is required to have a lower
heterointerface recombination velocity that can be obtained by the higher P;-side car-
rier concentration. On the other hand, the low P;-side carrier concentration is neces-
sary to reduce the hole tunneling rate, which can suppress the tunneling mechanism.
However, for the p"—p-n homojunciton structure, this contradiction can be avoided
because the tunneling mechanism does not exist through the p*—p homojunction. The
high p*-side carrier concentration reduces S, which suppresses Auger and radiative
mechanisms to improve D* [12]. In Fig. 6, at p; = 10'® cm™, the hole tunneling does
not appear, and at p; = 10" cm ™, the hole tunneling occupies the most range of p.,
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Fig. 5. The relation between the P;—p,
interface recombination velocity (Spp)
and the P;-side surface recombination
velocity (S.) with the P;-side width
(dp1) as a parameter operated at 300
K
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but there is a little range of p, to obtain the optimum values for D*. However, at
p1=10"cm™, both RyA and D™ are limited by the hole tunneling and reduced. In
addition, there exits a point of inflection on RyA and D* at p2 =8 X 10" cm™3, be-
cause the build-in field at the P,—p, heterojunction has a change from Vg, < 0 to
Vapp > 0 at this point.
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Fig. 6. The dependence of RypA and D* on the p,-side carrier concentration (p,) with the P-side
carrier concentration (p;) as a parameter operated at 300 K for the P;—p,—n structure
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affect RyA. In addition, the Auger and radiative noise mechanisms are not the main
noise mechanisms to limit RyA.

Fig. 8 shows RyA and D* as a function of the n,-side carrier concentration (ny) with
the Nj-side carrier concentration (n;) as a parameter. Moreover, (RoA)ryn,,, With the
change of n; is also plotted in Fig. 8a. The results in Fig. 8 are similar to those in Fig. 6.
With increasing 74, the electron tunneling strongly reduces RpA and at the same time
influences the performance of detectors. For this structure, the carrier concentration in
the N;-side should be as low as possible in order to avoid tunneling noise mechanism.

Based on our calculation, the result is obtained that except for the carrier concentra-
tion in the Nj-region, the other parameters such as the Nj-side surface recombination
velocity S, and width #y; do not affect the detectivity, both of which via the N;—n,
interface recombination velocity S,, change the detectivity. As above discussed, the
quantum efficiency is mainly contributed by its component in the p-side, which deter-
mines that the parameters in the n-side including in the N; and n, regions do not
change 7. Therefore only RyA influences D*.

Fig. 9 shows the relation between S, and S,, with #y; as a parameter. In the N;—
n, heterojunction, Sy, has a little increasing with Sp,, which is completely different to
Spp- In addition, in the range of S, < 1 m/s, fy; almost does not influence S,,. The result
shows that §;, and #y; could not have much influence on RyA.

Fig. 10 shows the Auger and radiative mechanisms and their components in the n,-
and p-sides with the change of n,. From Fig. 10, it is found that Auger and radiative
noise mechanisms are mainly limited by their components in the p-region. The two
noise mechanisms are caused by the minority carrier diffusion in the n- and p-type
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Fig. 8. The dependence of RyA and D* on the n,-side carrier concentration (n,) with the Nj-side
carrier concentration (rn;) as a parameter operated at 300 K for the N;—n,—p structure

materials. In the n-type material, the diffusion length and lifetime for holes are lower
than those for electrons in the p-type material, which determines that the diffusion
current in the n-side is lower than that in the p-side, that is Jg, < Jg,. From Section 2,
we know that RyA o« 1/J5, which shows that Auger and radiative mechanisms in the
p-side are the main noise mechanisms to limit (RpA)auger and (RpA)rad, respectively.
Therefore, the parameters in the n,-side and related ones such as the Nj-side param-
eters do not influence RyA.

From Fig. 7, it is known that RyA is mainly limited by the GR noise mechanisms in
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other, it is found that, although the
materials forming the N;—n, and P,—p, heterojunctions are the same, S, and S,, are
completely different with the different material types. S, at the P;—p, heterojunction is
much higher than S, at the N;—n, heterojunction, which can be explained on the base
of the expressions for S,, and Sy

For S,,, at p; = 10"°cm™ and p, = 107 cm™, it is obtained by Lep = 5.7 x
10% um, that is much larger than dp; (L.p; > dpi), and F(P;) is approximated by
F(Py) = repy = Lep1Se/Dep1. Moreover, because Vgpi(= 0.162eV) is larger than AE,
(—0.128 eV), Spp should be expressed by Sy, = (P2Depi/pilert) F(P1) = (p2/p1)Se.
Therefore, except for the range of S — 0 and S. — oo, Spp is linearly increasing
with S, as shown in Fg. 7; and because of p, > p;, the relation S,, > S. is ob-
tained.

However, for S, at n, = 10'® cm~ and n, = 10'® cm™3, the value of Vant is 0217 eV,
which makes S,, weakened exponentially. In addition, because of Lyn;=2.92 um,
F(N;) could not be approximated and the influence of S, on S,, is not distinct. There-
fore, with the change of S, Sp, just has a little increasing.

Although the wide bandgap material GaSb is used to tailor the wavelength of the
incident photons, which is convenient to select the working-wavelength, the P;—p,—n
and N;—n,—p hetero- and homojunction structures do not show superiority compared
with the n"—n-p and p"—p-n homojunction structures [12]. The carrier concentration
in the wide bandgap material is limited to be a low value (=10'® cm™) for both struc-
tures to avoid the tunneling noise, which is difficult to be obtained in the practical
material growth. In addition, for the P;—p, heterojunction, the heterointerface recombi-
nation velocity is not reduced but increased, which increases the Auger and radiative
noise mechanisms and decreases the detectivity.

3
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4. Conclusion

In this paper, the performance of the P;—p,—n and N;—n,—p hetero- and homojunction
GaSb/Gag glng»Asg.19Sbg g1 photodetectors is analyzed, based on the wavelength of the
incident light and the parameters of GaSb and Gagglng,Asy19Sbgg;. The conclusions
are drawn as follows:

(1) The absorption for the incident photons is mainly in the Gagglng,Asg19Sbpg; p—n
homojunction, especially in the p-type Gag glng,Asg.10Sbg g1 material. The high detectivity
is obtained with the photons first through the p-type Gagglng,As 10Sbg g1 material, while
the detectivity drops down with the photons first through the n-type GaggIng,Asg 19Sbo g1
material. The wide bandgap material GaSb is used to tailor the wavelength.

(2) Although the absorption in GaSb does not appear, the parameters in GaSb also
change the detectivity via the noise mechanisms and quantum efficiency component in
Gap glng,Asp19Sbggi- The high carrier concentration in GaSb strongly increases the
tunneling noise mechanism and reduces the detectivity, either for the electrons through
the N;—n, heterojunction or for the holes through the P;—p, heterojucntion.

(3) For p-type GaSb in the P;—p,—n structure, the high surface recombination veloc-
ity markedly reduces the detectivity via the P;—p, heterointerface recombination veloc-
ity Spp and the high width reduces the detectivity in the range of S. — 0 and improves
the detectivity in the range of S. — oco. On the contrary, for n-type GaSb in the
N;—n,—p structure, the change of the surface recombination velocity and width almost
do not influence the detectivity via Sy,. This result shows that, with the same condition
for the N;—n,—p and P;—p,—n structures, the N;—n,—p structure is more advantageous
than the P;—p,—n structure to obtain high detectivity.

Acknowledgement This paper is supported by the National Advanced Materials Com-
mittee of China (NAMCC).

Appendix A
Al The noise mechanisms

The noise mechanisms can be divided into two parts. The one part is in the n—p homo-
junction, which has been analyzed in detail [11]. The other part is in the isotype hetero-
junction, where the effective interface recombination velocity Sy, or Spp, located at the
N-n or P—p heterojunction is introduced, which is derived from taking into account the
minority carrier behavior in the N- or P-layer. Unlike anisotype heterojunction, the
contribution of the minority carrier diffusion current embodied by the interface recom-
bination velocity is neglected in the isotype heterojunctions. Therefore, only the GR
and tunneling mechanisms are considered in isotype heterojunctions.

Based on the interface recombination velocity at the isotype homojunction [13] and
the minority carrier diffusion in the anisotype heterojunction [14], S,, and S, at the
isotype heterojunctions are given by

p2D8p1

plLepl
pZDepl
plLepl

exp (—(AEy,, —qVa,)/KT) F(p1) Va, <AE

Vpp

Spp = (A1)

F(P1) Vg, > AE

Vpp i
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dpl . dpl
Ve, COSh ( Lep1> + sinh <Lep1
F(Py) =

= ; (A2)
. dy dy
sinh [ —= | + cosh | 2~
Vepl (Lepl ) (Lepl
Dy exp (—qVaw/KT) F(Ny), (A3)
nthNl
I [
Vpw: COSH (%) + sinh <LL1)
o Pni Pni
F(Ny) = (A4)

. IN1 IN1 7
Yo, Sinh [ —— ] 4+ cosh | —
le (LPM ) (me )

where the build-in fields of Vg, and Vg are in the wide bandgap materials at the
isotype heterojunctions.

Because of the discontinuation of the energy band edges at the N—n and P—p hetero-
junctions, the GR current, which is related with the intrinsic carrier concentration and
parameters in the depletion region [15,16], is divided into two parts,

_ 2KTniew.oNy |3KT
GRe Vy

J , (AS)

‘ m
where the subscript ¢ represents the material type.

The tunneling mechanism at the heterointerface is the most important noise mech-
anism for detectors. The structure of GaSb/Gaglng,Asg19Sbyg; forms a type II stag-
gered heterojunction, where the potential barriers simultaneously separate both elec-
trons and holes at both sides of the heteroboundary. If the barrier is sufficiently thin,
the tunneling probability will markedly increase. A numerical model for tunneling
across the heterointerface is presented by developing a thermionic-field emission
boundary condition, which is formulated based on the WKB approximation [17]. For
the GaSb/Gagglng,Asy19Sbgg; isotype heterojunction, the electron tunneling in the
conduction band for the N-n heterojunction and the hole tunneling in the valence
band for the P-p heterojunction are considered in this paper. The tunneling current
and the energy band profiles of N—n and P-p isotype heterojunctions are shown in
Table 1, where the tunneling factors of P, and P, are given by

exp (EC(O_)> E0)
KT E,
P, = — %7 [ T(E,) exp (_KT> dE,, (A6)
E;nin
eXp <EV(O+)> Ermax
KT E.
Py= J T(E,) exp <ﬁ> dE, (A7)
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with T(E,) the tunneling probability

—2J /2 E, %] . (AS8)

X2

T(Ex) =

A2 The quantum efficiency

For the two structures, the light incident from the front- or backside surface is consid-
ered. Because of the thin width of the depletion region in the isotype heterojunction,
the quantum efficiency is neglected in this region.

A2.1 Quantum efficiency in the N;—n,—p structure

On the base of Dhar’s report for an n*—n-p structure [18] and the photocurrent in the
heterojunction [19], at a wavelength 1 where the absorption coefficient is «, the quantum
efficiency for the N;—n,—p heterostructure detector from Ny, n,, p and anisotype junction
depletion regions for the front- and backside illuminated cases is shown as follows.

a) Frontside illuminated case:

(1) Quantum efficiency in the p region

d, — W, d, — W
apLe, + e — e~ h=Wo) |, cosh 222 ) fsinh (2P

T ="572
azl? —1 d. — d. —
P re sinh B =Wo) | cosh [T =We
L., L.,

— apLe, e %(dp—Wp) (A9)

(2) Quantum efficiency in the depletion region
Nar = XD (~tpdy) [exp (g Wp) — exp (~aaWh)] (A10)
(3) Quantum efficiency in the n, region

Un2 LhnZ

M2 = 7572
O Ly — 1

d 0 d n
X [A sinh (pz_iw) + B cosh (pl—“l_7W> + am Ly, exp (—apd, — annWy) |,

hnz hnZ
(A11)
e~ (@dptanWn) _ Bsinh <dp * Wn)
A= B (A12)

d, + Wy ’
h(=_ "2
cos < I )
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(Yan — axp) exp (—axp) cosh (;m ) —exp (—axm) {sinh (xpoixm> + ¥nn cosh ()%;7%)}
B = Pn— Pn— Pn—

Xp — X, . Xp — X
o ) 1o 7.2

(A13)
(4) Quantum efficiency in the N; region
N1 :—zaleL s
o Lth -1

X

th th

d,+t d,+t
Csinh (W) + D cosh <]’L+nz> +aln exp (—apdy — anzlnz):| , (Al4)

dp +tp + N1 . (dy+ it + 1
—0pdp—antny— p T e TN Zp T ms TN
p —aNthNl)e( apdp—matu2 —aNi i) —D{cosh( >+yp smh< 7

Cc— hni hni
= dy + ty + In1 (%t e £ b ’
h (T2 TN | gpp (2 T2 TN
s (5727 ()
(A15)
(—apdy—mptan) . dp + tp + N1 dp + tiy + 1
e plp ~%n2tn2 (ynn — ON1 Lhm) sinh Li + '}’p cosh Li -
NI hy
d, +1t,
76(—(lpdp—(xn2tn2 —aniiN) (Vp — ant Lhm) {sinh (w> + VnnCOSh (%)}
hN1 h

= - (A16)

N1 . IN1 IN1 . Nt
cosh + sinh ( )} - {cosh (—) + y,sinh ( )}
|:VP (Lhm ) Lhm Ymn Lhm Vp Lth

b) Backside illuminated case:
(1) Quantum efficiency in the N; region

ani L, . IN1 N1
=———>" _|Asinh [ — Bcosh [ — L —anit Al7
N1 2, L%Nl —1 | (L%) + 5 cos (Lth + aniLn exp (—aniin) |, (A17)
B= ’}/pA - (’Vp + ani Lhm) ) (A18)
I 5
(YP + aNthNl) |:COSh ( = ) ~ Vmn sinh ( = >:| — el~ami) (Vnn + aNthNl)
A= Lth hni
N1 . N1 N1 . INt
cosh + sinh ( )} — [cosh (—) + v, sinh ( )}
|:yp (Lth > Ly, Von Ly, Ve Ly,
(A19)
(2) Quantum efficiency in the n, region
an2Lh o . INt + I — Wn
=——"2 _|Csinh [ ——————
re =iz i (M)
5 to — W, )
_ D cosh (%) — 0yp Ly, el =t (= Wa)] | (A20)
hnZ
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D sinh (M) _ e[*amlmfanz(tnszn)]

Ly,
C= A21
<IN1 + o — Wn) ' (A21)
cosh [ ———MM —
LhnZ
el taz(=Wn)] |:Vnn cosh ( il ) —sinh < i1 )} = (Yan + @2 Lt,,) 7NN cosh <M>
D= Lhnz Lhnz LhnZ
cosh (™2~ Wa + v sinh 2 — W
Lhnz yl’ln l‘h“2
(A22)
(3) Quantum efficiency in the p region
Ny = Zapzi (—aNitN1 — ot —ap Wp)
OLPLep -1
dp — W, . [dy =W,
((ZpLep — re) e*ap(dp*Wp) + Te COSh <%) + smh (%)}
ep ep
X S apLle, —

Le, Le,

(4) Quantum efficiency in the depletion region

(A23)

Nar = e[*amlm*anz(fnz*wn)] _ el-anitni—antn—aWp) (A24)

A2.2 Quantum efficiency in the P;—p,—n structure

The expressions of the quantum efficiency for the P;—p,—n structure with the front-
and backside illuminated cases are the same as those in the N;—n,—p structure. How-
ever, the parameters in the N;—n,—p structure should be exchanged to the correspond-
ing ones in the P;—p,—n structure, which are shown below,

N1_>P17 Lh]\n _>Lep17 aNl _>aP17

tNl - dPl: yc - ’}/p7 ynn - prﬂ

ny — po, An2 — Up2, Lh,,z - Lepza Iy — dp27 Wh — va

Up — On, Wp - Wn7 p—n, Lep - Lhnv Ye — Vp7 dp — In.

The parameters before arrows are the ones in the Py—p,—n structure and those after
arrows are the ones in the N—p,—p; structure.

In the expression of quantum efficiency, the absorption coefficients of the n- and
p-type Gagglng,Asy19Sby g material are the same.

Appendix B

Notation

Sp = surface recombination velocity in n-type material
Se = surface recombination velocity in p-type material
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Spp = interface recombination velocity in the p;—p, heterojunction
Son = interface recombination velocity in the ny—n; heterojunction
Win = width of the depletion region in the n;—n, heterojunction
Wap = width of the depletion region in the n—p heterojunction
Wop = width of the depletion region in the p;—p, heterojunction
Wa = width of the depletion region in the n-type material

W, = width of the depletion region in the p-type material

n = electron carrier concentration in the n-type material

p = hole carrier concentration in the p-type material

AE. = conduction band discontinuity at the n;—n, heterointerface
AE, = valence band discontinuity at the n;—n, heterointerface
AE. = conduction band discontinuity at the p;—p, heterointerface
AE, = valence band discontinuity at the p;—p, heterointerface
D, = Electron diffusion coefficient in the p-type material

L, = electron diffusion length in the p-type material

Dy = hole diffusion coefficient in the n-type material

Ly = hole diffusion length in the n-type material

0 = Fermi energy level

Vin = built-in field in the n-type material

Vap = built-in field in the p-type material

ap = absorption coefficient in the p-type material

On = absorption coefficient in the n-type material
t = width of the n-type material

d = width of the p-type material

o = trap capture cross section

Ni = trap density

= Boltzmann’s constant

= detector working temperature

= electronic charge

material energy bandgap

= 4um™qK>*/h? effective Richardson constant
= effective mass

%09

*

I >R N
I
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