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Abstract

In this paper, the detectivity for n*—n—p and p"—p-n GalnAsSb infrared detectors in both the front- and
backside illuminated cases are calculated and analyzed, respectively. The influence of the carrier concentration and
width in each layer, as well as the surface recombination velocities at different surfaces of the detectors are
considered. It is indicated that high RyA4 dose not guarantee the high detectivity because the quantum efficiency
combines with the Ry4 to determine the behavior of D*. On the base of the calculations, it is observed that the
different material parameters are required for the optimum D™ in the different structures with the different

directions of the light injected. © 1999 Elsevier Science Ltd. All rights reserved.

1. Introduction

Antimonide-based semiconductor materials are
receiving increased attention due to their usefulness for
photonic devices, particularly emitters and detectors in
2-5 pum region of the spectrum [1,2]. In these materials,
GalnAsSb quaternary solid solutions grown lattice
matched to GaSb substrates are attractive candidate
materials for opto-electronic devices in the near- and
mid-infrared wavelength range. These devices can be
used for environmental monitoring, optical fiber com-
munication and infrared imaging systems [3-5]. Also
GalnAsSb quaternary alloys are of great interest for
creation of light sources and photodetectors in 2—5 um
[6-8]. There have been theoretical analysis on n—p
homojunction GalnAsSb infrared detectors [9,10].
However, most detectors are fabricated in three-layer
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structures, in which the surface influence can be effec-
tively reduced by the heavily-doped epitaxial layers
[11,12]. Although the zero-bias resistance—area pro-
duct, Ry4, of GalnAsSb infrared detectors, on the
base of material parameters, has been reported [13],
the high Ry4 does not automatically guarantee the
high detectivity D™, because of the effect of the quan-
tum efficiency n on D*, which is another important
parameter to decide the properties of detectors. In this
paper, the numerical analysis of the quantum efficiency
(7) and the detectivity (D*) are discussed in both n*—
n—p and p“—p-n GalnAsSb infrared detectors, for
both front- and backside illuminated cases. Since RyA4
is independent on the light incident light, whether the
detector is front- or backside illuminated cases does
not affect RyA.

2. Theoretical model

The detector structures of p"—p-n and n"-n—p
GalnAsSb are shown in Fig. 1. The heavily-doped
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Nomenclature

S, Surface recombination velocity in n- (or
n"-)side

o+ Width in n ™ -side

n’ Electron concentration in n " -side

Lon+ Hole diffusion length in n™-side

Dpp+ Hole diffusion coefficient in n ™" -side

Shn Interface recombination velocity in n*-n
junction

p" Hole concentration in p ™ -side

dp+ Width in p " -side

Lep+ Electron diffusion length in p " -side

Dep+ Electron diffusion coefficient in p* -side

Spp Interface recombination velocity in p™—p
junction

p Hole concentration in p-side

d Width in p-side

I Electron diffusion length in p-side

D, Electron diffusion coefficient in p-side

n Electron concentration in n-side

Width in n-side

Hole diffusion length in n-side

Hole diffusion coefficient in n-side

Width of depletion region in n—p junction
Width of depletion region in n™-n junc-
tion

Width of depletion region in p —p junc-
tion

Width in n-side depletion region of n—p
junction

width in p-side depletion region of n—p
junction

Boltzmann’s constant

Detector temperature

Electronic charge

Capture cross section

Trap density

GalnAsSb energy bandgap
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layer surface is defined as the frontside and the other
layer surface is the backside. The figure of merit
used to characterize the sensitivity of infrared detec-
tors is the detectivity D*, which is related with Ry4
and 7,

o= (1"
" he \4KT

A is the incident light wavelength, which is assumed to
be 2.48 pm. RyA4 and its related parameters have been
evaluated in a previous paper [13]. The detailed calcu-

lation of n and D* for front- and backside illuminated
cases in n*-n—p and p -p-n GalnAsSb infrared
detectors is given in this paper.

. . +
2.1. Quantum efficiency in an n" —n—p structure

According to Dhar’s report for an n™—n—p structure
[14], at a wavelength A where the absorption coefficient
is o, the contribution to the internal quantum efficiency
n of n™, n, depletion and p layers for the front- and
backside illuminated cases is shown as follows.
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Fig. 1. The two structures of a GalnAsSb detector.
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2.1.1. Frontside illuminated case
(1) Quantum efficiency in the n™ region:

OCL n+ . Ih+ I+ _
Nyt = ﬁ |:A s1nh<L;n+ ) + B cosh(LZn+ ) +alpre 1tn+:|

pnt

B= VpA - (Vp + aLpn*)

(p + U.Lpn+)[cosh( L’“* ) - /nnsmh< )] (Vo + 0t Lpn+ Je ™"

e ) R )

(2) Quantum efficiency in the n region:
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C h - D hl = — ol — 0L+ +1—Wwn)
Ny = 0{2L2 1 |: sin ( Lpn ) Cos ( Lpn %Lpn®
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(3) Quantum efficiency in the depletion region:
Hae = efa(ln++lfwn) _ efac(tn+ Ft+wp)

T

(4) Quantum efficiency in the p region:

oLy — re)e” @) —|—[ cosh( )—l—smh(d ”")]

n O(an e_“(fn‘r +ttwp) O(an ( np e) Ie

P 272
Ly, — 1

resinh (

) + cosh(d i )

2.1.2. Backside illuminated case
(1) Quantum efficiency in the p region:

tLup 0Ly + 1e — €7@ [r cosh(d "’) + smh(d ““)]

_ Lup —a(d—wp)
r]p — 272 —O(ane P
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(2) Quantum efficiency in the depletion region:
Nar = efoz(dfn‘p) _ efx(der,,)

(3) Quantum efficiency in the n region:
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(4) Quantum efficiency in the n™ region:
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In the above two groups of equation, the symbols of D, L and r are defined by D = KTu/q, L = (D1)"/?, r = LS/D.

D=

2.2. Quantum efficiency in a p* —p-n structure

The expressions of the quantum efficiency for the front- and backside illuminated cases in a p “—p-n structure are
the same as those in an n*—n—p structure, but the parameters in an n*—n—p structure should be exchanged to the
corresponding ones in a p " —p-n structure, which are shown as following,

n+—>p+ sLpnt—Lnp+ stp+—dp+ s1p—Te s Ing—Tpp;n—P; Lpn— L st—=d; W — W i Ly — Ly s W — W sre—1p ,d—t;p—n

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

3. Results and discussion

The calculations have been performed on n*—n-p and p*"—p-n Gayglng,Asg 19Sby s, infrared detectors operated
at 300 K and 2.5 um wavelength. The results of this model are displayed mostly in the form of plots of # and D*
versus the carrier concentrations and material widths, for front- and backside illuminated cases. The basic par-
ameters are listed in Table 1 and related parameters have been shown in Ref. [9].

3.1. The detectivity in a p* —p-n structure

Fig. 2 shows the quantum efficiency (1) and its components as functions of p- and n-side carrier concentrations
with other parameters in Table 1 keeping constants, in the backside illuminated case. There are some characters in
Fig. 2: (1) n is mainly dominated by the p-side component, #,; (2) the quantum efficiency in the depletion region,
nar, decreases with increasing the p- and n-side carrier concentrations, due to the decreasing of the width in the de-
pletion region; (3) the p-side quantum efficiency #, increases with increasing the p-side carrier concentration (p)
while the n-side quantum efficiency 7, decreases with increasing the n-side carrier concentration (z). In addition, in
Fig. 2(a) the quantum efﬁmency in the p*-side (17,+) markedly rises with increasing p and becomes the main contri-
bution to 7 in p>5 x 10'7 em ™3, which makes # strongly mcredsed in this range. In Fig. 2(b), 7, and #4, in n < 10"
em ™ are large enough to improve 5, while in n>10'7 ecm™, 5 is mainly contributed by np and a little by .. Due
to n, and 754, decreasing, n decreases with increasing #.
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Table 1
Basic parameters for the n* —n—p and p*—p-n structures
Basic parameters T =300 K, x =0.8, Np= 10" em 3, o=10"1 cm?

n*—n—p structure p "—p-n structure

n*-region n-region p-region p "-region p-region n-region
Carrier concentration (cm™>) 5% 108 108 107 108 107 108
Width (um) 0.5 2 5 0.5 5 2
Mobility (cm?/V s) 1000 1000 240 240 240 1000
Surface recombination velocity (m/s) 0 0 0 0

Fig. 3 shows the dependence of the detectivity (D ™)
in the backside illuminated case on the p-side carrier
concentration (p) with the p'-side carrier concen-
tration (p "), the width (d,+) and the surface recombi-
nation velocity (S.) as parameters, under the condition
of other parameters in Table 1 keeping constant.
Compared to the report in Ref. [13], except that the
shape of D* is similar to Ry4 with p ¥ =10*! cm™> in
Fig. 3(a) and S.=10% m/s in Fig. 3(c), D* is deter-
mined by x and its shape is similar to # in Fig. 2(a). In
addition, # and RgA have the similar various trend
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with the influence of the p " -side carrier concentration
and the surface recombination velocity. That is,
increasing p © and S, will simultaneously reduce RyA
and 7, therefore D™ decreases. The relation between
D™ and d,+ has a little difference from D™ related with
p ' and S.. With the change of d,., D* appears a
intersection at p near to 10" cm™. In p < 10'7 em ™,
D™ is determined by RgA and it decreases with increas-
ing dy+ because of the same variety of RyA, while in
p>10" cm™3 D™ first increases with increasing dp+
and then the value of D* at dy+ =0.5 pm far exceeds
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Fig. 2. The dependence of 5 and its components on (a) the p-side carrier concentration (p) and (b) the n-side carrier concentration

(n) for the p "—p-n structure in the backside illuminated case.
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Fig. 3. The dependence of D* on the p-side carrier concentration (p) with the p*-side (a) carrier concentration (p *); (b) width
(dp+) and (c) surface recombination velocity (S.) as parameters for the p " —p-n structure in the backside illuminated case.
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those at d+ >0.5 pm, which is the same as 5. Fig. 3 in-
dicates that D™ is the result of the joint influence of
RyA and 5. With the variety of the p-side width, D* is
similar to that in Fig. 3(b), in which the intersection
appears and moves to a higher p. In this case, D* is
also determined by the RyA4 and 7.

In Fig. 4 and Fig. 5, the detectivity is depicted as a
function of the n-side carrier concentration (n), with
the n-side width (7) and the surface recombination vel-
ocity (Sp) as parameters, in the back- and frontside
illuminated cases respectively. Compared the two
figures with each other, the results are completely
different.

In the backside illuminated case, the light incident
from the n-side surface is first through the n region
and then reaches the depletion region, in which #,, and
nar related with ¢ and S, will contribute to # in
n < 107 cm™ as shown in Fig. 2(b). Moreover from
the expressions for the quantum efficiency in the back-
side illuminated case, we know that the n-side width is
also one of the major parameters to affect the quantum
efficiency in the p and p" regions. Increasing ¢ will
markedly reduce #n, and #5,- and at the same time 7
decreases. On the other hand, D* is determined by 7.
Therefore the parameters in the n region have strong
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influence on D* as shown in Fig. 4. With increasing ¢
and S, D™ remarkably deceases and its peak moves to
low n with high ¢ in Fig. 4(a) and to high n with high
S, in Fig. 4(b), respectively.

However, in the frontside illuminated case, D* and
its shape are controlled by Ry4 and n through ¢ and
S, only has a little influence on D* in n < 10" em—3,
As for the backside illuminated case, 1, and 54, for the
frontside illuminated case improve # in n < 107 cm ™.
But the intensity of the light incident form the p " -side
surface is weakened exponentially. When the light
through the n region reaches the depletion region, 7,
and #nq4, are so low that only has a little influence on #.
Meanwhile 1, and n,. keep constants with the change
of n because they are not related with the n-side par-
ameters. These results in this case determine that # is
almost not influenced by ¢ and S,. But Ry4 with the
change of n rises up and becomes the main contri-
bution to D*. In the frontside illuminated case, D*
with the change of the p*- and p-side parameters are
similar to but slightly higher than the one in the back-
side illuminated case, because 7, and 7, that are two
main components in # are improved by the intensity of
the light injected form the p*-side surface and there-
fore D™ increases.
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Fig. 4. The dependence of D* on the n-side carrier concentration (n) with the n-side (a) width (¢) and (b) surface recombination
velocity (Sp) as parameters for the p " —p-n structure in the backside illuminated case.
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Fig. 5. The dependence of D* on the n-side carrier concentration (n) with the n-side (a) width (¢) and (b) surface recombination
velocity (Sp) as parameters for the p " —p-n structure in the frontside illuminated case.

3.2. The detectivity in an n* —n—p structure

The quantum efficiency and its components in the
frontside illuminated case are similar to those in Fig.
2. The light injected from the n™-side surface decides
that the quantum efficiency will be obviously influ-
enced by the n " -side parameters.

D™ in the frontside illuminated case is shown in Fig.
6 as a function of the n-side carrier concentration (1),
with the n"-side carrier concentration (n ") and the
width (7,+) as parameters respectively. In this case, D*
is determined by 5 and its shape is similar to # but not
to RpA. There is an interesting one in Fig. 6: with
increasing n * and t,+, the value of D* has a opposite
change, from strongly going up to going down. This is
an inevitable result due to the influence of # on D*, in
which #,, related with n * and #+ has much contri-
bution. Moreover, the light injected form the n*-side
surface is first through the n™ region so that the n™-
side width will affect not only the quantum efficiency
in the n'-side but also other region components.
Although RyA can not be influenced by the n*-side
width [13], D* is clearly reduced by increasing #,+ in
Fig. 6(b). As the report in Ref. [13], RoA4 in this struc-
ture is not affected by the n"-side surface recombina-
tion velocity (S},) because of [+ < t,+. Here we find

that # is also not related with S, and thus D* will not
be changed by S,

For the frontside illuminated case, the quantum effi-
ciency in the n region (1,) is one of the contribution to
n in n < 10'7 cm™. Thus the change of the n-side
width (¢) influences the quantum efficiency and there-
fore affects D*. Fig. 7 shows the dependence of D* on
the n-side carrier concentration with ¢ as a parameter,
in the frontside illuminated case. D* and its shape are
controlled by n and lowering the n-side width will
improve D*, especially in n>10'"® cm™3, D* markedly
rises.

As the report for an n—p homojunction GalnAsSb
infrared detector [10], D™ as a function of p-side car-
rier concentration is controlled by RyA4 and its shape is
similar to Ro4, but D* is improved by increasing the
p-side width, because 75 increases and reaches satur-
ation. This changes the trend of D* in the n™—n—p
structure also appears.

Fig. 8 shows the dependence of Ry4, n and D* on
the p-side width with the p-side surface recombination
velocity (S.) as a parameter, in the frontside illumi-
nated case. The surface recombination velocity reduces
RoA, n and D¥, but 5 is much less sensitive to the p-
side surface recombination velocity than Ry4 and D™,
which can be found in Fig. 9. The shape of D* is com-
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Fig. 6. The dependence of D* on the n-side carrier concentration (1) with the n " -side (a) carrier concentration (n ") and (b) width
(t,+) as parameters for the n" —n—p structure in the frontside illuminated case.
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1616
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Fig. 7. The dependence of D* on the n-side carrier concen-
tration (n) with the n-side width (z) as a parameter for the
n*—n—p structure in the frontside illuminated case.

pletely different from these of Ry4 and 5. Ry4 with the
change of d first goes down at S.=0, and little by little
RyA rises up as S, increases. The quantum efficiency
with the change of d rapidly increases and then
saturates. D™ goes through a peak as d increases,
further the peak moves to a higher d as the surface
recombination increases. D* can be separated into
two parts at the point of the peak: D™ is determined
by n before the peak and by RgA after the peak, re-
spectively.

In Fig. 9, RyA and D™ in the backside illuminated
case are plotted as a function of the n-side carrier con-
centration (n), with the n"-side carrier concentration
(n ") as a parameter, under the condition of other par-
ameters in Table 1 keeping constants. Rp4 and D*
have the similar various trends, in which the peaks
moves to high # with high n *. In this case, D* related
with other parameters and its shape are also controlled
by RoA4, which are similar to in Fig. 9(b). Unlike in the
frontside illuminated case, n in the backside illumi-
nated case is almost controlled by #,, while #,+ is too
low to dedicate #, which induces that the parameters
in the n*-side can not influence #. Moreover, n, and
nar only have a little contribution to n through ¢ in
n < 10" em™. But as shown in Fig. 9, the value of
D* is not optimum in n < 10'” cm™>. Therefore even
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Fig. 8. The dependence of Ry4, n and D* on the p-side width (d) with the p-side surface recombination velocity (S.) as a par-
ameter for the n™—n—p structure in the frontside illuminated case.
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Fig. 9. The dependence of Ry4 and D* on the n-side carrier concentration with the n™-side carrier concentration (n ) as a par-

ameter for the n " —n—p structure in the backside illuminated case.

though the n-side width changes D*, the optimum D*
cannot be obtained in that range.

As for the frontside illuminated case, D* in the
backside illuminated case appears a peak with the
change of the p-side width (d). Fig. 10 shows D™ as a
function of the p-side width (d), with the n*- and n-
side carrier concentrations as parameters, which are
corresponding to the peak of D* in Fig. 9. The value
of the optimum D * are at d = 10 um or so. Moreover,
high D* will be obtained with high n * and n.

In order to find the optimum D™ with the material
parameters in the different structures with different
directions of the light injected, the values of D* and
the corresponding conditions and parameters are
shown in Table 2. D* in the frontside illuminated case
is higher than that in the backside illuminated case,
either for the n™—n—p structure or for the p"—p-n
structure, because n,, in the frontside illuminated case
is higher than the one in the backside illuminated case,
which improves # and D*.

Depending on these calculation, we know that D*
is much higher than those in the experimental reports
[15,16]. Therefore these results are useful to
improve the properties of GalnAsSb infrared
detectors through the material growth and device
fabrication.

D*(10° cmHz"2/W)

6 1 n*=5x10"%cm® n=10"%cm® |
2 10" 2x10"®
3 5x10'8 10'8
4 i
2 4
0 5 10 15 20
d(um)

Fig. 10. The dependence of D* on the p-side width (d) with
the n"- and n-side carrier concentrations as parameters for
the n " —n—p structure in the backside illuminated case.
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Table 2
The optimum D * and corresponding material parameters and the light injected direction
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Basic parameters

T =300K, x =08, A=2.5 pm, N;=10" em>, 6,=10""° em™; yu,+ =, =240 cm?/V s, o+ = 1, = 1000

cm?/V s
p " —p-n structure p ' region parameters p region parameters n region parameters D* (cm Hz'? /W)
p(em™) S.(mfs) dy (um) p(em™)  d(um) n(cm) S, (m/s) 7 (um)
i—i{ " pn 10'8 0 0.5 328 x 107 5 10'8 0 2 1.7 x 10"
Xnp-p* 10'® 0 0.5 6.55x10'7 5 10' 0 2 1.15 x 10'°
n*—n—p structure n* region parameters n region parameters p region parameters
Lo n* (em™) S, (m/s) fy (um) 7 (cm™) f(um)  p(cm™) S, (m/s) d(um)
Ll_—gll>1n+7n7p 5x10% 0 0.5 2.05x 10" 0.5 10" 0 5 1.63 x 10'°
“p-n-n" 5x10° 0 0.5 10" 2 10" 0 8.8-10.8 1.19 x 10"

4. Conclusion

In this paper, the numerical analysis of the detectiv-
ity

in the p'-p-n and n*"-n-p structure

Gag glng»Asg g1Sbg 19 infrared detectors are performed,
based on the material parameters and the direction of
the injected light. The behavior of D* is influenced by
the RopA and the quantum efficiency. The conclusions
are drawn as follows.

1.

The high D™ is obtained with the light incident
from the surface of the heavily-doped layer.

. The surface recombination velocity in the p-type

material is one of the most important parameter to
effect D*. The higher surface recombination velocity
is, the lower D * is.

. The values of parameters in the heavily-doped layer

are important to affect D*. In the p " —p-n structure,
lowering the parameters in the p ' -side will effec-
tively improve D*, in which it is not related with
the direction of the incident light. However, in the
n " —n-p structure, except for the surface recombina-
tion velocity of the n”-side that does not change
D*, D™ in the frontside illuminated case requires the
low value of the parameters in the n™-side, while in
the backside illuminated case, the high n"-side car-
rier concentration is useful to improve D™ and the
n " -side width does not affect D*.

. For the p"—p-n structure, except that D* in the

frontside illuminated case varies with the n-side car-
rier concentration in a way that is similar to that of
RyA, D* is dominated by the quantum efficiency in
other conditions.

. For the n"—n—p structure, in the frontside illumi-

nated case, D™ with the variety of the n-side carrier
concentration is controlled by the quantum effi-
ciency, while D* with the variety of the p-side car-

rier concentration is dominated by RyA4. However in
the backside illuminated case, D* is controlled by
RyA either with the variety of the p-side carrier con-
centration or with that of the n-side carrier concen-
tration.

. The p-side width (d) in the different structures has
different influences on D*. For the p " —p-n struc-
ture, lowering d in the higher p-side carrier concen-
tration (p>10" cm™) will improve D*. However
for the n " —n—p structure, an optimum d can obtain
the best D *.
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