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Abstract

In this paper, the zero-bias resistance areas product Ry4 is calculated in the n*—n—p and p*—p-n GaggIng>Asys;Sbo 19
infrared detectors, on the base of the material parameters in the three layers. The calculated results show that pa-
rameters in the heavily doped layer in the different structures have different influences on Ry4. Moreover, Ro4 in the n™—
n—p structure is higher than that in the p™—p-n structure because the higher carrier concentration in the n*-region for
the n™—n—p structure improves Ro4 whereas the one in the p*-region for the p*—p-n structure reduces RoA.
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1. Introduction

In recent years, the quaternary alloys Galn-
AsSb lattice matched to GaSb substrates have
been increasing interest in infrared (IR) optoelec-
tronic devices for spectral range 2-5 um [1]. Such
devices have many important applications, in-
cluding gas spectroscopy analysis, remote sensing
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of gas pollutants, light-wave communication sys-
tem using fluoride glass fibers, as well as a number
of medical applications. GalnAsSb alloys have
already shown their capabilities to achieve efficient
lasers [2] and detectors [3-5]. One of the important
figures of merit in the detectors is the zero-bias
resistance areas product Ry4 because the value of
RoA directly affects the detector performance ex-
pressed by the detectivity D*. Lin et al. [6] reported
the experimental results of Ry4 less than 100 Q cm?
in GalnAsSb detector. However, very little infor-
mation can be provided from literature about the
theoretical analysis of Ry4 for these material de-
tectors.

In this paper, the zero-bias resistance areas
product RyA4 is calculated based on the different
device structures (nt-n—-p and p*-p-n) and the
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related material parameters. The results show:
which is the optimal structure out of the two
structures and what are junction depths and car-
rier concentrations that would maximize RyA. The
two different structures are quantitatively com-
pared and R4 is checked by the influence of the
carrier concentrations and the junction depths in
the three layers of each structure, as well as the
surface recombination velocities on the two sur-
faces for each structure. Furthermore, on the basis
of the theoretical calculation, some optimum
conditions are proposed to maximize RyA4 for de-
tectors. These results are important for the fabri-
cation of detectors.

2. Device structure and theoretical model

We consider the structures of n™—n-p and
p+*p71’1 Gagglng,Asys1Sbo o detectors shown in
Fig. 1, in which the lattice of Gagglng,Asgg1Sbo 19
alloys is matched to GaSb [7]. In the p—n junction,
four kinds of noise mechanism: Auger, Radia-
tive, Generation-recombination (G-R) and tun-
neling, are considered and expressed by Ro4. These
contributions to RyA all add in parallel and the
expressions are given in the previous paper [8]. In
isotype nt-n and p*-p junctions, the basic as-
sumptions are made as follows:

(1) The n*- or p*-region is heavily doped such that
the depletion region for the n*-n or p™—p
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junction exists in the low-doped region [9].
They are shown in Fig. 1. G-R noise in the
nt-n (or pt-p) depletion region is considered.

(2) The effective interface recombination velocities
Spp and Sy, located at the p*—p and n*—n junc-
tions are introduced. They are derived to take
into account the minority-carrier behavior in
the heavily doped p*- and n*-layers [10,11].

(3) Compared to the major carrier concentration
in the heavily doped layer, the minority-carrier
concentration is very low; additionally the
minority-carrier diffusion mechanism is deter-
mined by the interface recombination velocity.
Therefore, Auger and radiative noise mecha-
nisms in the heavily doped regions are ne-
glected.

(4) The tunneling mechanism across n*-n and
pt-p junctions is neglected.

The interface recombination velocities Sy, and
Sna are valid for the arbitrary p*—p and n™-n high-
low junctions [11]:
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g. 1. The two structures for a GalnAsSb detector.
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3. Calculated results and discussion

The calculations have been performed on the
nt-n-p and pt-p-n Gagglng,Asg19Sbys; infrared
detectors operated at 300 K. The basic parameters
are shown in Table 1 and the related parameters
have been evaluated in the same way as in the
previous papers [7,8]. For practical calculation, the
o and N; in the p—n and p™p (or n™-n) junc-
tions are assumed to be the same. Parameters

Table 1
Basic parameters for the n*-n-p and p*—p-n structures

183

except for mobilities, such as carrier concentra-
tions, widths, surface recombination velocities,
have been calculated to show how these parame-
ters affect RyA.

3.1. RyA in the p™—p-n structure
Fig. 2 shows Ry4 and its components in the pt—

p—n structure as functions of p- and n-side carrier
concentrations, with other parameters in Table 1

Basic parameters

T=300K, x=0.8 N =10" cm3, g, = 107" cm?

n*-n—p structure

pt—p-n structure

n*-region n-region p-region p'-region p-region n-region
Carrier concentration (cm™3) 5x10'® 108 10" 108 10" 108
Width (um) 0.5 2 5 0.5 5 2
Mobility (cm?/V's) 1000 1000 240 240 240 1000
Surface recombination 0 0 0 0

velocity (m/s)

N; and ¢ are respectively the trap density and capture cross-section in the depletion region.
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Fig. 2. The dependence of (Ro4),,,
centration for the p™—p-n structure.
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, and its components on: (a) the p-side carrier concentration (p) and (b) the n-side carrier con-
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keeping constants. Moreover, (Rod)gg_» (Rod)gg,,
and (Rod),, With N;=10" cm™ and o=
10~15 cm? are also plotted in Fig. 2(a). In Fig. 2(a),
all of RyA components contribute to (RoA) ., in
Ny = 10" cm™3 and ¢ = 107" cm?, especially in
p> 10" cm™3. In the range of p < 10! cm™3,
(RoA) oy 1s mainly determined by the G-R noise in
the p—n junction, while other noise components
have a little contribution. Because of (Rod)gg
1/aN; [8], (RoA)gr and (Rod),,,, are increased if o
and N; are reduced, which is similar to that in the
n—p GalnAsSb detector [8]. In Fig. 2(a), the
maximum value of (Rod),,,, are obtained at p =
10'7 cm~3. Based on this condition, Fig. 2(b) shows
the dependence of (Ry4),,,,; and its components on
the n-side carrier concentration. (Ry4),.,,; depends
on all the components in n > 10! cm™3; in n <
10" em™, (Ro4),, is mainly limited by (RoA) ggyp-
With increasing n, (Ro4),,, rises up and keeps a
constant in n > 10" cm™3. No tunneling mecha-
nism appears in Fig. 2 because the direct tunneling
mechanism needs a necessary factor that both
n- and p-type semiconductor materials must be
degenerate. For the Gagglng,Asg19Sbog alloy,
the degeneracy state is in p > 10'® cm™ and » >
106 cm 3.

Fig. 3 shows the dependence of (Ry4),,,, on the
p-side carrier concentration with the p*-side car-
rier concentration (p*), width (d,+) and surface
recombination velocity (S.) as parameters, under
the condition of other parameters in Table 1
keeping constants. (Ry4),., is obviously reduced
with increasing p*, dy+ and S.. The p*-side pa-
rameters affect (Ro4) g, and (RoA),,4 in the p-side
through S, and (R¢4),,,,- With increasing the p-
side carrier concentration, the maximum value of
(RoA) o 18 obtained at p = 10'7 cm™, therefore
the carrier concentration in the p*-side should be
higher than 107 cm™3. In the p—n homojunction
structure, (RoA),,,» associated with the Auger and
radiative mechanisms [8], is strongly reduced by
the p-side surface recombination velocity, In the
triple-layer structure, it is hoped that the interface
recombination velocity can be reduced with a
heavily doped layer. In Fig. 3(c), although
(RoA),,,y markedly decreases in the range of
S. > 10* m/s, with the increasing of S, from 0 to
10> m/s, (RoA),,, almost does not change. This

indicates that the Sy, is limited by the parameters
in the heavily doped layer more or less. In addi-
tion, (RoA),,, in Fig. 3(a) strongly decreases at
p=10* cm™3 and in p > 10'® cm™3 because the
tunneling mechanism appears in this part.

Fig. 4 shows (R¢4),,,, With the change of the
p-side width (d). (Ro4),, decreases with the thicker
width in the p-side only in the range of p > 10'°
cm 3. This result is caused by Auger and radiative
noise mechanisms because only both of them are
related with p-side width [12]. As shown in Fig. 2,
these two noise mechanisms affect (Ro4),,,, in the
range of p > 10'® cm~. Fig. 5 shows the depen-
dence of (Red),, on the n-side carrier con-
centration with the n-side width () and surface
recombination velocity (S,) as parameters. Al-
though (Ro4),.,, has a little decreasing with in-
creasing ¢ and S, its optimum value is not affected
by these two parameters in n > 10'® cm~. There-
fore, if the n-side carrier concentration is higher
than 10'® ¢cm™3, the influence of these two para-
meters in the n-side on (R¢4),,,, can be neglected.
This result is advantageous of the device fabrica-
tion because the limitation of these two parameters
is canceled.

3.2. RyA in the n"—n—p structure

Fig. 6 shows (Ro4),,,, and its components in the
nt-n-p structure as functions of p- and n-side
carrier concentrations with other parameters in
Table 1 keeping constants. Moreover (Ro4)grum
and (RoA),.,,; with the different n* are also plotted
in Fig. 6(b). The different (Ro4)gr,, and (RoA), o
are marked as the number 1, 2 and 3. In Fig. 6(a),
in the range of 10" cm™ <p<10® cm™3,
(RoA) o 18 dominated by all components and its
maximum value is obtained. In p < 10'® cm™3,
(RoA)Gryp coNtrols (Rod),y,, while in p> 10"
em ™, (RoAd) e coNtrols (Rod),,, and the tun-
neling mechanism strongly reduces (RoA),,,. In
Fig. 6(b), with the change of n, all of the Ry4
components contribute to (Ro4),,,,- The tunneling
mechanism does not appear because the the p-side
material is in the nondegeneracy state with p less
than 10" em~. With the change of n*, (Ro4) 4 ger
and (RoA),,, should be changed through S,,, but
these two mechanisms do not. With increasing n™,
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Fig. 3. The dependence of (Ry4),,,, on the p-side carrier concentration with the p*-side: (a) carrier concentration (p*), (b) width (dj+)
and (c) surface recombination velocity (S.) as parameters for the p™—p-n structure.

the peak of (RoA),,,, rises and shifts to the high n of S, and #,+, (RoAd),,, never changes and their
because the peak of (Ro4)gg,, changes in that way. influence on (Ry4),., Will be neglected. The in-
That is, the high n*-side carrier concentration is fluence of the parameters in the n*-side for the n™—
conducive to improve (Rod),,,- With the variety n-p structure is completely opposite to that of the
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T e ' parameters in the p*-side for the p*—p-n structure.
140 - p*=n=10"cm® We will discuss later. Because the influence of the
n-side width on (R¢4),,,,, in the n*—n—p structure is
similar to that in the p*—p-n structure, it is ne-
glected here.
Fig. 7 shows the influence of the p-side pa-
rameters (S, and d) on (Ro4),., for the n*-n—p
structure. The parameters S, and d are only related
with Auger and radiative mechanisms. The high S.
and d reduce (RoA) yge; and (RoA),,q [12], therefore
(RoA) oy decreases. Moreover, the peak of
(RoA) o shifts to the high p in Fig. 7(a), on the
contrary to the low p in Fig. 7(b). Compare Fig.
7(a) with Fig. 3(c), except that (RoA4),,,, in the n*—
n—p structure is a little higher than that in the p™—
p-n structure at S, =0, (Rod),, in the p*—p-n
0 nb el el ol structure is obviously higher than that in the n*—
10 10 10 10 107 n—p structure. Therefore, it is useful to add a
p(ecm™3) heavily doped layer on the p-side surface for
weakening the influence of the surface recombi-
nation on (RoA) -
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Fig. 4. The dependence of (R¢4),.,, on the p-side carrier con-
centration with the p-side width (d) as a parameter for the p*—
p-n structure.
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Fig. 5. The dependence of (Ry4),,,, on the n-side carrier concentration with the n-side: (a) width (f) and (b) surface recombination
velocity (S,) as parameters for the p*—p-n structure.
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Fig. 7. The dependence of (Ry4),,, on the p-side carrier concentration with the p-side: (a) surface recombination velocity (S.) and

(b) width (d) as parameters for the n™—n—p structure.
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4. Discussion

Now we discuss why the opposite results are
shown in Figs. 3(a) and 6(b), and why S, and #,+
have not any influence on (Ry4),,,, in the n*—n-—p
structure. At nt =5x10"® ecm™3, L.+ is to be
0.0136 pum, and it will continue decreasing with the
increasing of n*, which can be considered as
Ly,+ < ty+. Therefore Sy, in Eq. (2) can be ap-
proximated by S,, = :f‘;“ which is not related to S,
and f,+ in the n*—n—p structure (. is the minor-
ity-carrier lifetime in the n*-side). Thus, S, and #,+
could not change (Rod) e, and (Rod),,4 through
Son and thereby (RoA4),.,,; could not be affected for
the n*—n-p structure. In addition, based on Ref.
[8], it can be calculated that 7,+ is determined by
Tiaueer 1D the n-type material [13,14], so that Sy, is

2

nl
()™

further approximated by Sy, o< ny/1 + In the

range of n* > 10" cm~3, there exists nt > n; and
Snn o< n. This result shows that n* almost does not
affect S,,, and thereby not affect (RoA) Auger and
(RoA),,q In the n™—n-—p structure. However with
increasing the n'-side carrier concentration,
(RoA)gr and (RoA),,. are increased in Fig. 6(b).
On the contrary, in the p™—p-n structure, Lg,+ is
equal to 31.2 um at p* = 10'"® cm=3 and to 0.032
um at pt = 102" cm~3. This shows that with in-
creasing p*, the variety of the relationship between
Lep+ and d+ is changed from Leps > dpp+ t0 Loy <
dy+. Therefore, in the p*—p-n structure, the influ-
ence of each parameter in the p*-side on (Ro4) s ger
and (RoA),,, associated with S, could not be ne-
glected, and correspondingly, (Ro4),,,, is changed
by the variety of the parameters in the p*-side.
Fig. 8 shows the variety of Sy, and S,, with S,
and S, respectively. As above discussions, Sy, is
not affected by S, which shows a horizontal line in
Fig. 8. However S,, increases in 10 < S, < 107 m/s.
The two limiting values of the surface recombi-
nation velocity are S = 0 and S = oo. The former
implies an ideal ohmic contact whereas the latter
means an ideal majority-carrier contact. In prac-
tice, the contact at the p*-region surface of a
pT-p-n structure is a nonideal majority-carrier
contact and is found to have a value of S, that is
finite and greater than zero. In Fig. 8, although Sj,,
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Fig. 8. The dependence of the interface recombination veloci-
ties S,, and S,, on the S, and S, for the p*—p-n and n*-n—p
structures respectively.

has a high value (>10 m/s) in S, < 10 m/s, Sy, is
obviously lower than S, in S, > 10 m/s. This result
demonstrates that adding a layer will effectively
reduce the influence of the surface recombination
on GalnAsSb photodetectors. In Ref. [6], the au-
thors have mentioned that the surface leakage
current is an important factor to influence R4,
which increases as the surface recombination is
suppressed. Basing on our simulation results, we
provide a suitable structure to limit the surface
recombination. In addition, utilizing the high-low
junction can minimize minority-carrier recombi-
nation losses [15]. Therefore the detectors proper-
ties are improved for triple-layer structures.

5. Conclusion

In this paper, four kinds of noise mechanisms
are considered for R4 in the n*—n—p and p*—p-n
Gagglng,AsygSby 9y infrared  photodetectors.
(RoA), oy With these noise mechanisms are calcu-
lated based on the material parameters in the three
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layers. The main conclusions can be drawn from
the above study as follows:

(1) In the pt—p-n structure, the parameters in the
p*-side affect (Ro4) g, and (Rod),,4 through
Spp and hence (RoA),,,- The high (Rod),,,, is
obtained with the low carrier concentration
and the surface recombination velocity as well
as the thin width in the p*-side. In addition,
the thick width in the p-side reduces
(RoA) - However, although (R¢4),,,, has a
little decreasing with the thick width and the
high surface recombination velocity in the
n-side, the optimum value of (Red),,, could
not be affected by these two parameters in
the n-side carrier concentration higher than
10" cm—3.

(2) In the n*-n—p structure, the n*-side carrier
concentration is required to be as high as pos-
sible in order to obtain the high (R¢4),,,, and
at the same time, the carrier concentration in
the n-side should be increased, while the width
and the surface recombination in the n*-side
and n-side almost do not influence (RoA),,,-
In addition, the low surface recombination
velocity and the thin width in the p-side is
required to obtain the high (Ro4),,,-

(3) Compared the influence of the surface recom-
bination velocity in the p*-side in the p*—p-n
structure with that in the p-side in the nt-n—
p structure on (Ry4),,,,, it is found that, except
that (RoA),,, in the n™—n—p structure is a little
higher than that in the p*—p-n structure at
Se = 0, (RoA), oy In the p*—p-n structure is ob-
viously higher than that in the n*—n-p struc-

ture. This result indicates that it is useful to
add a heavily doped layer on the p-side surface
for weakening the influence of the surface re-

combination on (RoA),,-
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