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Abstract. In this paper a theoretical analysis of the RyA product and the detectivity
in a GalnAsSb infrared photovoltaic detector is reported, dependent on the four
fundamental kinds of noise mechanism and the quantum efficiency. The
considerations are carried out for near room temperature and 2.5 um wavelength.
The analytical results show that the noise mechanisms can be reduced, and
correspondingly the performance of such detectors can be improved.

1. Introduction and the detectivity of photodetectors [6—8], even though
other original currents may exist in different physical
Modern high-performance infrared photovoltaic detector mechanisms, such as radiative recombination (the other
technology, based on photon absorption in narrow-gap kind of role in the diffusion current) in the n and p neutral
semiconductors, requires the use of extensive detectorregions, generation—recombination (G—R) in the depletion
cooling to achieve background limited performances (BLIP) region and tunnelling through the p-n junction [9,10].
[1,2]. Cooling is an effective but rather impractical | this paper, the influence of the above junction current
way to suppress noise because cryogenic cooling makescomponents on th&yA product and the detectivity of an
detectors bulky and inconvenient in use. Infrared detectors n—-p GalnAsSb IR PV detector is considered. In addition,
working near room temperature have been fabricated bythe quantum efficiency is considered. These results show
the MOCVD technique [3,4] and moreover, theoretical mych difference from those that are obtained when only
results indicate that such detectors can also obtain highi,e Auger mechanism is considered in a GalnAsSb IR PV

performance. detector [8].
In this paper, theoretical analysis is explored for room-

temperature operation of infrared (IR) photovoltaic (PV)

detectors based on bulk @Gra;_.As;_,Sb, alloys lattice- 2. Theoretical analysis

matched to GaSb, which have become very important

materials in recent years in the fabrication of detectors For the purposes of discussion, the structure of the
designed for 2-4um infrared wavelength applications GalnAsSb detector can be simplified as a p-n junction
[3-5]. The current passing the contacts of a device causesstructure. Four kinds of noise mechanism are considered
noise because of the statistical nature of the generation andyith the total RgA product (RoA)wm and the detectivity

recombination processes. In general, the detectifity D*, where the relation betweeR* and (RoA)ioa iS [11]
is the main parameter characterizing normalized signal-to-

noise performance of the detectors. The aim is to suppress . qnr [RoA

all kinds of noise and to improve the detectivity. Numerous = e VakT 1)
theoretical discussions of the zero-bias resistance—junction

areaRpA product and the detectivitp*, which are figures  wheren and T' are the quantum efficiency and working
of merit commonly used to characterize IR PV detectors, temperature in a detector,is the incident light wavelength
are carried out dependent on design material parameters foandg andk are constants with their usual meaning.
prediction and achievement of detector performance. There  Because all the noise mechanisms are independent,
are four fundamental kinds of noise mechanism in IR PV (RoA)otal iS €Xpressed by

detectors. In most reports, authors have paid much attention 1 1 1 1

to analysing the effect of the Auger mechanism (one = +

kind of role in the diffusion current) on th&A product (RoA)total l(ROA)AUQer (RoA)rad  (RoA)er

1 E-mail address: snmocvd@public.cc.jl.cn + (RoA)tunnel @
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where (RoA)auger, (RoA)rad: (RoA)er and (RoA)wnnel

denote the Auger, radiative, G-R and tunnel mechanisms Tunnelon a triangular barrier
respectively. 101 —
) L . 1010:- \(R A)tunnel
2.1. The Auger mechanism and radiative mechanism 9 \
10°F 1
The diffusion current that is the fundamental current in a sk .
p-n junction detector determin€®oA)auger and (RoA)rag, 10 ] \ }
shown as follows [12] 10’ 1 , 1
R KT[ Dynp cosh= X”) + sin 106!- \ 3
(Rod); = [L,,n,?rpsin = *”)+cosr(’ ) G 10°%k ‘\ z
D p Te COSI’(dfx”) + Slnh(d =2 )] 3) (\g 104 (ROA)auger (ROA)SJ\’\ :
L.n?y, smh(d ’“")+cosr( ) = .

D; = KTpi/q, Li = (D;t)Y?, y; = L;Si/D;(i =n or p)

D;, Li, u:, S; andr; are the diffusion coefficient (cfrs1),

diffusion length (cm), effective mobility (ctnV—! s73), 10°

surface recombination velocity (nTY and carrier lifetime

(s) respectively for holes in the n region or for electrons E

in the p region. p or n is the major carrier concentration 10'2_! 1

(cm~3) in those respective regions; is the intrinsic carrier 10—3: sl il Ll sl il

concentration (crr?). 10"310"40"%10"%0"10"810" %020
In equation (3), (RoA); is embodied by minority

lifetimes of the Auger mechanisn{RoA)auger OF the p(cm'3)

radiative mechanisniRpA)rag in both of which the Auger (a)

lifetime has been calculated by many authors [8-10]. The

radiative lifetime is given by [13, 14]

oy
")

—
2
-
oy
wd

Tunnel on a parabolic barrier

h_ 1 i i 1011 " T LR BB u S N
g = Bin+ nZ/m] (in the n region) (4) f

101 0!_ A
1 of
75 = ———— (in the p region) ¢)] 10%F 7
* T Blp + @f/p)] 108k i
wheret}, T4 are the radiative lifetimes for holes in the n 107 ; ]
region and for electrons in the p regio® is a constant r
defined by 10%k -
3/2 <405t ]
B = 5.8 x 107 1%1/2 <;> (1+ 1. i) G 10°r (ROA)tU""e'
© \m*+m} m: - m O’E 104
3/2 -2 QO
x(300/ T)¥?E? (40) = 103 -
wheree,, = 14, the high-frequency dielectric constant, and 2
m}, m; are the electron or hole effective mads; is the 10 E
GaInASSb bandgap energy. : 101
10°}
2.2. The generation—-recombination mechanism 107" E
The third type of fundamental noise component appears in 102
the space-charge region and is called the G-R (generation— af
recombination) mechanism, which is caused by lattice 107
defects and impurities in the forbidden energy gap of a 01310141015‘1016]01 71018|019|020
semiconductor. Th&,A product associated with the G-R p(cm™>)
current is equal to [15] (b)
A/ tn Vi .
(RoA)gr = / Tn0Tp0 b (5a) Figure 1. The dependence of (RyA)wa and the RyA
gniwf (b) product components on the p-side carrier concentration (p)

. . for tunnelling (a) on a triangular barrier and (b) for a
where 7,0, 7,0 are the electron and hole lifetimes within parabolic barrier: t=0.5 um, d =5 um, S, = S, =0,

the depletion regiony is the width of the depletion region =108 ¢cm=3, oA = 0.1 cm~1, e = 1000 cm? V-1 51 and
and V,; is the built-in voltage through the p-n junction. p, =240 cm? V-1 s 1,
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where C = gm*/872h® is a constant. The terms, and

10 Nf=0-01cm-1 ______ (R, A) E, are the positions of Fermi levels on each side of the
0°YG-R junction andT7, is the tunnelling probability determined
2 0.1 ! . : :
_ (R A) by the potential barrier shape. Two kinds of potential
3 5 1 07 Vtotal barriers, namely triangular and parabolic barriers, are often
10° F—rer——rrr ey considered. For a triangular barrier, the probability is given
E 3 by
42m*EY?
10| " exp( 3 (6b)
i and for a parabolic barrier
103 o 32
E T = exp( - 225 (60)
2v/2qhe

wheree = V,,; /w is the built-in field through the depletion
region.

(RA)(cm?. Q)
2

2.4. The quantum efficiency

-
o
-

Under the condition of low injection and an abrupt junction
in a one-dimensional model, the quantum efficiency of
GalnAsSb detectors from the three regions, (n,, ndr),

two neutral regions and a spatial charge one, and the total
one () are shown as follows [12, 17]:

10°

-1

] ETETERTIT | PR | At s aaaal ol
A —rjaLy —a(1—x,)
1014 1015 1016 1017 1018 nn=m aL, +r), — e ot
-3
ncm r—Xx, . I —Xx,
( ) x[r,,cosh( Lx >+S|nh< Lx )H
h h
. J1
Figure 2. The dependence of (RyA)wa and the Ry A . t—Xx, t—Xx,
product components on the n-side carrier concentration () x [rh smh( . ) + COSh( I >:|

with the o N; product as a parameter: t =0.5 um,
d=5um, Se=5,=0, p=6.4x 10" cm-3, oL, e—a(z—m} (72)
te = 1000 cm? V-1 st and yu, =240 cm? V1 7L,

1- L,
ny = ( ZLZ)Ol : e—a(t+x,,){|:(re — aL,) e @)

The function f(b) is a definite integral depending on the e 4 J
position of recombination centres in the energy gap. For —r, cosh( — xl’) — sinh( — xl’)]
simplicity, we further assumg () = 1, andz,o = 7,0 = L. L. )
70 = 1/ Viyo Ny [16], whereV,, = (3K T/m*)Y/? (m* being d—x, o (d—x,\T"
the effective mass)y is the capture cross section ang x | cosh . +r.sinh . tale
is the trap density. In this relationship, we assume that
and Ny for electrons and holes are the same. Thus nar = (1 — r)(e =) _ gra+x,)) (70)

Vi n=1p+ Ny + Ndr (7d)

(RoA)GR = (5h)

whereq is an absorption coefficient,= 0.35, the reflection
coefficient at the front surface, and other parameters have
the same definitions as those in equation (3).

gniwVyo Ny~

2.3. The tunnelling mechanism

Despite no net tunnelling current in a detector at zero 3. Calculation results and discussion

bias, the RgA product for tunnelling exists for a small

voltage swinging about zero. Two kinds of tunnelling The calculations have been performed on an n-p
current, the direct and indirect tunnelling current, cross the Gayglng2As190Skh g1 PV detector operated at 300 K and
junction [16]. However, because the probability for indirect 2.5 um wavelength. The dependence of GalnAsSb alloy
tunnelling is much lower than that for direct tunnelling, we parameters on the compositiongndy are taken from [8].

only consider direct tunnelling in GalnAsSb detectors. For practical calculation, the hole mobility was fixed to be
The RoA product due to tunnelling is defined by 1, = 240 cnf V-1 s71 in the p region, and the electron
[10,16] one to beu, = 1000 cnt V=1 s71 in the n region [18]. In
kT addition, the incident light with wavelength4B .m close
(RoA)wnnel = (6a)

CT,(E, + Ep)? to the intrinsic absorption edge in the §ang 2AS.19Skh 81
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n p=240cm’/N.s d=5um Se=0, u p=240cm?/V.s,
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Figure 3. The detectivity versus the p-side carrier concentration (p) with (a) the back-surface recombination velocity (Se); (b)
the p-side width (d); (c) the absorption coefficient () as a parameter: S, =0, t =0.5 um, n =10 cm=3, o N; = 0.1 cm?,
e = 1000 cm? V-t st and u, = 240 cm? V-1 572,

alloy is assumed to be injected from the n region then Dependent on the incident light energy, the absorption
passes the depletion region and finally reaches the p regioncoefficient is taken as = 2.15x 10° m~1 [19]. In general,
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_ _ ) 5 .3 (i) When p < 10 cm=3, (RgA)tal iS determined by
Se=0, u p=240cm~“/V.s, p=6.4x 10°cm (RoA)er. In the range of 1% cm™2 < p < 10" cm3,
1011~ ; . all of the RpA product components except fORgA)wnnel

i ] contribute to(RoA)wta, and a peak appears at the p-side
carrier concentration about ¥ocm=2.

1070k Se=0(m/s) . Figure 2 shows that the dependence @A)tal

and the RpA product components on the n-side carrier
concentration for various values of theN; product
for an n—p Gaglng2Ase10Skh g1 detector, with the same
parameters as in figure 1 except for= 6.4 x 10 cm=3
instead ofn = 10® cm™3. In the low p-side carrier
concentration, the degeneracy state does not appear so that
no tunnelling mechanism influencé®oA)wta. Because
of D* o [(RoA)wta]™? in equation (1) and(RgA)gr o
1/o Ny in equation (5), it is an inevitable outcome that
(RoA)totar Will be increased and will then imprové*
if the o Ny product is reduced. A similar result is also
obtained in the relation betwee(RpA)ww and the p-
side carrier concentration for various values of tha/;
108 L . product. The electron or hole trap densiti& can be
0 10 20 reduced by lowering the concentration of native defects
d and foreign impurities, which is achieved by improving the
(rm) ) Do -
growth technique to reach optimization and by progress in
Figure 4. The detectivity versus the p-side width (d) with purification of material to improve interface qualities [11].
the back-surface recombination velocity (S,) as a In the following, we discuss the influence of material
parameter. Other parameters are the same as those in parameters on the detectivity. Because similar results are
figure 3. shown in figure 1 for different shapes of potential barrier,
we only give the results for a parabolic barrier which is
the capture cross section is assumed to be abouf tor? usually used in practical application.
[13]. We also assume that the surface recombination  From equations (2) to (7), we can find that the quantum
velocities on both sides of the detector will yield large efficiency and theRyA product components are associated
electrical reflecting conditions for the holes and electrons with the carrier concentrations in the p and n regions. In
respectively. addition, the quantum efficiencyRoA)auger and (RoA)rad

In this calculation, except for mobilities, other depend on the surface recombination velocities and the
parameters include th&A product and the detectivity, widths of these regions. Moreover, the quantum efficiency
such as carrier concentration, widths, surface recombinationis a function of the absorption coefficient determined by the
velocities in the p and n regions and the material absorption incident light energy(RoA)cr is in inverse proportion to
coefficient. the o Ny product.

(RoA)wta and the RoA product components, due to Figure 3 shows the dependence Bf on the p-side
the Auger and radiative mechanisms, the generation—carrier concentration with the back-surface recombination
recombination mechanism and the direct tunnelling yelocity S,, the width of the p regio@ and the absorption
mechanism have been plotted versus the p-side carriercoefficienta as parameters, under the condition of=
concentration in figure 1 from equations (2) to (7) 108 cm3, t = 0.5 um, S, =0andoN; = 0.1 cml A
respectively, under the condition of= 0.5 um,d = 5 um, similar phenomenon appears in the three parts of figure 3.
Se = S = 0,n =10 cm® and N; = 10" cm®. D* drops sharply because of the influence of tunnelling
Becausg(RoA)gr  1/0 Ny in equation (5), we just show  in the range ofp > 10 cm3. Comparing figure )
the o Ny product as a paramete™ in figures 1@) and  jth figure 3, it is found that the depicted shape®f is
(b) gorresponds_ to the triangular and parabolic potential gimilar to that of (RoA).  From this phenomenon, we
barriers. From figure 1 we can see that can draw a conclusion that the shapel¥f is determined

() The tunnelling influence appears > 10'% cm=3 by (RoA)wta. In the range ofp < 10" cm™3, D* is
because one necessary condition for obtaining tunnelling determined by the Auger mechanism, radiative mechanism
current is that both n- and p-type semiconductor materials and quantum efficiency in figureség(and 3p), but rather
must be degenerate. For §a#ng2As10Sky g1 material, the by the quantum efficiency in figure &¢ In addition, D*

-
o
©
Ty

D*(cmHZ%W)
>
fe.]

-

(@]
~

T

degeneracy state is at> 10% cm2 andn > 10 cm3. appears as a peak and then decreases with decreasing p-

On increasing the p-side carrier concentratioRgA)wnnel side carrier concentration. This peak will rise and shift to

sharply drops. the low p-side carrier concentration with decreasing back-
(i) Comparing the two parts of figure 1, it is easy to find surface recombination velocity in figure &( but with

that whenp > 108 cm3, the performance ofRpA)otal IS increasing the p-side width in figuret8(and absorption

limited by the Auger mechanism on the triangular barrier coefficient in figure 3). In order to find the greatest
and by the tunnelling mechanism on the parabolic barrier. thickness of the p region for the optimaf, figure 4 shows
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10" ; : _ 10"
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108 i sazaal tiaaaal 12 aaaal Ao
10 10'® 10'7 10'8
nicm ™)
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Figure 5. The detectivity versus the n-side carrier concentration (n) with (a) the front-surface recombination velocity (S,); (b)
the n-side width (f); (c) the absorption coefficient («) as a parameter: S, =0, d =5 um, p = 6.4 x 10®* cm=3, o \; = 0.1 cm™,
He =1000 cm? V-1 s7 and pp, =240 cm? V-1 s7L,

D* as a function of the p-side width fer = 6.4x10'° cm™3 of n = 100% and only considering the Auger mechanism.
and with the other parameters the same as in figure 3.These differences are caused by considering the quantum
D* in figure 4 reaches a saturated value with an infinite efficiency in this paper because the quantum efficiency
thickness of the p region. However, in [8], to obtain high reaches a saturated value with infinite thickness of the
D* required reducing the p-side width with an assumption p-side width, dependent on results of [20]. It is clearly
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indicated that the quantum efficiency will have a great
effect on the detectivity. In general, the quantum efficiency
cannot be neglected in calculation.

Figure 5 shows D* versus the n-side carrier
concentration with the front-surface recombination velocity
S,, n-side width r and absorption coefficienx as
parameters, under the condition pf= 6.4 x 10'° cm3,
d=5um, S =0,oN;, =01 cmt From figure 5,
we find that the maximaD* is almost fixed in the range
of n > 10 cm=3, which can be explained from figure 2.
In figure 2, when thes N, product is fixed,(RoA)otal iS
mainly influenced by(RoA)ggr, and then make®* depend
on (RoA)gr. D* in figures 54) and 5€) is similar to
that in figures 3) and 3€) respectively. To obtain a
high D* requires not only a reduction in the front surface
recombination velocitys, but also a reduction in the back
one S,, while D* will be improved by increasing the
absorption coefficient. In [19], the absorption coefficient is
dependent on the incident light energw), o o< (1/hv —
E,/hv?)Y2. Substituting this equation into equation (7),
the calculated result shows that the incident light energy

RoA in a GalnAsSb IR PV detector

(iv) In the dependence obD* on the n-side carrier
concentration, the detectivity remains almost constant in
the range of: > 10Y” cm3 because of the main influence
of the G-R mechanism. Decreasing the front surface
recombination velocity and the n-side width will improve
the detectivity.

(v) In practical application, the p-side -carrier
concentration is required to be near the intrinsic carrier
concentration, thus the tunnelling mechanism can be
neglected. In the process of material preparation and
growth, the electron or hole trap densities can be reduced
to a minimum in order to improve the detectivity.
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