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The Effect of Auger Mechanism on*rp
GalnAsSb Infrared Photovoltaic Detectors

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

Abstract—n this paper, the theoretical analysis of the Auger + the depletion region
mechanism in n"-p GalnAsSb infrared photovoltaic detectors is o inp feg;;uﬁ
reported. The lifetime caused by the Auger mechanism is calcu- I i

lated depending on the compositions, temperature, and carrier y
concentration. We also analyze the effect of material parameters
on the detectivity of the n¥-p GalnAsSb detectors. The calculated h P
results show that the Auger mechanism could be suppressed by hy s~ — |
optimizing the material parameters, so that the performance of I
GalnAsSb infrared photovoltaic detectors is improved. II

Index Terms—Auger mechanism, detectivity, GalnAsSb, in- 11
frared photovoltaic detector, (RoA) product. 0 d
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Fig. 1. The detector simple structure.
I. INTRODUCTION

HE QUATERNARY alloys GalnAsSb create a possibilitycompositiony is given by
to fabri.catfa optoe_lectronic device; for a spectral range of 0.408z + 0.022
2—-4 m, which is very important for environmental monitoring Y= S5m0 L0 ao1°
. - 8 . 0.009z 4 0.421
and, perhaps in the near future, for optical fiber communica- N _ _ o
tion. For example, GalnAsSb alloys have already shown thdihe detectivity)* is the main parameter characterizing nor-
capabilities to achieve efficient lasers [1] and photodetectdrglized signal-noise performance of detectors [4]

(1)

[2], [3]. o R
Until now, most reports have been focused on material pr =214 0 2)
fabrication for GalnAsSb detectors [4], [5]. The theoretical he ¥ AKT

analysis of the GalnAsSb detector properties has seldonTwo hypotheses are taken into account in (2). One is
been considered. In this paper the theoretical calculation and= ). = hc/Eg (Fg is the energy bandgap), and the
analysis results are discussed for-p Ga,In;_,As;_,Sb, other is quantum efficiency = 100%. Equation (2) is further
infrared photovoltaic (IR PV) detectors working at roomsimplified by

temperature. The figure of merit usually used to characterize

the sensitivity of IR PV detectors is the detectivity* [6], pr= 4 ROA. 3)
which is dependent on the quantum efficiency and the zero EgV 4KT

bias resistance-junction ardé& A product. The influence of

diffusion ju.nlction current component on tt& A product and fixed, the energy bandgalig is kept as a constant, so that the
Fhe det_ect|V|ty of ri-p Ga”lnlfl’ASl*ySby IR PV d.etectorsl detectivity is only related to th&,A product. The practical
is considered. Because the lifetime of nonequilibrium carrier orking limit for most IR detectors is a background-limited

IS t_he most impartant parameter of sem|c_onductor mat_enai frared photodetector (BLIP), in which optical generation re-
Wh'c.h s_trongly effects the de'Fecth pr operties, we also d'SCLﬁﬁting from thermal background radiation exceeds the thermal
the lifetime of Auger recombination in GalnAsSb alloys. component. The BLIP detectivity is only relative with the
temperature and incident optical wavelength [6], [7].
[l. DETECTOR STRUCTURE AND THEORETICAL ANALYSIS Considering only the diffusion current under a low injection
We consider a generalized detector structure fdr- nCase, in which the diffusi_on current i_s ca_use_d by the minority-
Ga.In;_,As,_,Sb,/p-Ga,In;_,As,_,Sb,/p-GaSb (Fig. 1). carrier, theRyA product in the p region is given by [8]
Due to the Galn;_,As;_,Sb, quaternary alloys lattice- (RoA)
matched to GaSb, the composition related with the ‘

When the temperature and the compositiorand i are

- d—zx
i . . i resh LY +ch 2
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The z,, in (4) is the spatial charge of the p region. The The intrinsic Auger 1 recombination time is given by [12]
D., L., i, S., and 7. are the diffusion coefficient (ctvs), i
diffusion length (cm), effective mobility (cAV.s), and sur-

SR . . 1+2u F
face recombination velocity (m/s), respectively, for electrons 3.8 x 10™*8¢,(1 + 11)*/2(1 + 2u) exp < + u_g)

in the p region, andw; represents the intrinsic carrier con- = 3 1+p KT
centration (cm?), and p is the major carrier concentration m \FLF? E /

(cm™3) in the p region. The andk are electronic charge) me' T Eg

and Boltzmann’s constant (KeV:K), respectively. Thd is (11)

the detector working temperaturéy.
In (4), (RoA). is embodied by the minority-carrier lifetime, . i )
caused by the Auger mechanism. In general, the spatial charg = /", ratio of the conduction and the heavy-hole

where

of the p region is much less than that of the quasineutral region, va:lence—baqd gﬁ?Ct'V? mass;
so that thez, in (4) can be neglected. Thus, (4) and (3) are ©* relative static dielectric constant;
simplified as mo electron static mass;
Py, Fy overlap intergrals of the periodic part of the

electron wave function.
The intrinsic Auger 7 recombination time is given by [12]

3 (5) Tjw = ’YTju (12)

d
resh| — ) +ch
KT D.p ¢ <L€> <
L,

e — 2 2
¢ Len; 7’ech< ) + sh<

Slal S~

where ~ is the ratio of Auger 7 and Auger 1 intrinsic
recombination time. According to [10]

= . (6) _ 5Eg
Eg AKT — 2m: (Eth) ! 4KT (13)
i mi, 1— 3Eg
Among various types of Auger processes which are possible 2KT

in an InSb-like band structure, the two with the smallest The intrinsic Auger S recombination time,y shows a
threshold energy, Auger 1(A-1) and Auger 7(A-7), are moslifferent expression folA > Fg as well asA < FEg. For
important [9]-[11]. Because the band structure of GalnAsSh > FEg [15]

guaternary alloys is complicated, it is simplified as an InSb- o(3/2 A—Eg
like band structure in this paper. In the narrow band gap semi,,me /Y KTA(Eg + A) eXP< %7 )
materials, when the spin split-off band is near to or wider 7As = a2 423 *(5/2)

than the energy bandgaPg, the spin split-off band in the Sdminieth®m, " (A - Eg)

Auger mechanism plays a much more important role than IA— (14)

7 for direct-bandgap materials [14], which is called AugerOr A < Bg [19]

S(A-S). The A-1 mechanism is dominant in n-type materials, : _ EQmth:zEQS
while A-7 and A-S are dominant in p-type materials [12], % 2 x 187 n2et i mz (A + Eg)232[1(3) — (1(3)/2]
[13]. Auger mechanism determines the performances of most (15)
near-room-temperature PV detectors. ; mt Eg— A Eg? 5
The effective carrier lifetime can be determined by [14] £ mi KT (Eq+ A)(3Eg— 24 (16)
o0 1 Bt?
L(B) =213/ JKL)/ 1- — <——>dt
1_1 11 - 1(B) =20%2\/B 23 ) ), 5 &P |~
TA TAL TAT TAS 4/
—|—/ sin 6 exp(—f cos® 6)
The lifetimes for A-1, A-7, and A-S mechanisms are written, 09 (sin 46)
respectively, by [14] . {{5 -3 }/ os? 6 — 29} de} (17)
2, 5 HO= | s - e+
TAL =5 —
1+np/p0 49 +1 4q 2g+1 2
274 : +— In -2
TAT =7 — (9) 4q 424+ 1 2g—1
1+ po/ﬂo )
274 . — 24 -
Fas = AS (10) exp [ J5) <2q + 2)} dg. (18)
1+ po/ﬂo

I1l. CALCULATION RESULTS AND DISCUSSIONS

wherep, andn, are the hole and electron carrier concentra- In this section, the dependence of the lifetime of the Auger
tions at equilibrium state in the same material, respectivelyjechanism for GalnAsSb alloys and the detectivity for the
and7* indicates the intrinsic reconbination time. nt-p GalnAsSb detectors on the material parameters are
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T M T M T T T T

1010 T M T T T T T T
108 /
10/ /
108 /
10° /

10* /

4

-—
%
l
-
e
1
1
1
1
!
2
17
1
1l

-
L
?(>
[
4
Ll

] TR T T
b I W |
it

LI I T AR S B D S DR R SR RN RN GHEND AN S N N B I
Il

i
+

bl
i
T

}

102

10!

100 Phd
10—1 — e —
102

1073

102

10¢ s _
10-7 e
108

N
~
[
I
T3

lifetime(s)

IO .

i

\
n

!
\
|
|

—

!
!
!

IS TR R VUM VAN N S T T A |

LS SR I SR SR SN S E RN TS R

W SO S O

00 02 04 06 08 10 00 02 04 06 08 10 00 02 04 06 08 10
composition x compositionx compasition x
@) (b) ©

Fig. 2. The dependence of Auger lifetimes on the compositi@f p-Ga.In;_.. As;_, Sb, alloys lattice-matched to GaSb at different temperatures:
@ T = 200 K; (b) T = 300 K; (c) T = 350 K; for p = 6.4 x 10" cm3.
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Fig. 3. The dependence dDg;;p and the detection wavelength at 300Fig. 4. The Auger lifetimes of a p-Galnp 2Asy.190Sky 51 alloy lat-
K and D* for nt-Ga,In;_.As;_,Sh, detectors lattice-matched to GaSbtice-matched to GaSb at 300 K as a function of the p-side carrier concentration
at different temperatures on the compositionp = 6.4 x 10> cm™3, (p).
pp = 240 cmPiv.s, S. = 0, andd = 5 um.

— — — 1 i 1 1
analyzed. The dependence of GalnAsSb alloy parameters‘tim— 24;) crrﬁ/v.ds, Se ___0’ ar'1|(|j(é = o pm. I; IS ]r;]dlgated n
the CO[T]pOSitiOﬂSC andy are taken from [16]. Flg. 3 that the etectivity wi e Improved wit ecreasing

The dependence ofy;, a7, andras, 74 on the composi- the temperature, therefore the extensive detectors cooling

tion z in p-Ga,In,_,As,_,Sh, alloys at different temperaturesis used to .improve the per.formancg. quever, the cooI-ing
200, 300, and 350 K is shown in Fig. 2, where the p_sid@akes devices bulky and inconvenient in use. In practice,
carrier concentration i6.4 x 1013 cm2. Fig. 2 indicates that the suppression of the Auger mechanism is very promising
the carrier lifetime strongly depends on Auger 7 and Augdfdy at the room temperature. Comparing Figs. 2 and 3,
S mechanisms in the p-type materials, and the effect of tH® similar trend can be found. Theyug. in Fig. 2 and

Auger 7 process is more apparent in the rich-GaSb range tfiaf D in Fig. 3 are both increased with compositian
that in the rich-InAs range. Large Tauger SUppresses the Auger mechanism so that the

Fig. 3 shows the dependence ofD* for nt-p performance of detectors is improved, which is expressed as
Ga,In;_,As;_,Sh, detectors on the compositior: at increasingD*. We hope the detectors work in the range of
different temperatures 200, 300, and 350 K. Moreo¥#t; ;, 2—4 pm, so the rich-GaSb GalnAsSh materials are suitable
and the detection wavelength at 300 K are plotted in Fig. & Fig. 3. In addition, highD* can be obtained using these
D~ is calculated from (6), where = 6.4 x 10*> cm™2, kinds of materials.
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Fig. 5. The calculated™* and 7a.ger [Fig. 5(a)] of an n-p Gay.slng.2Asy.19Shy .1 detector latticed-matched to GaSb at 300 K as a function of the
p-side carrier concentratiorp) and (a) the back surface recombination velocie)( (b) the p-side width 4); and (c) the p-side mobility(,). The
BLIP detectivity has been calculated fdfs = 300 K and n = 1.

The dependence of Auger lifetimes in a pdoeig.2
Asg.19Shy g1 alloy on the relative carrier concentration at 300
K is shown in Fig. 4. When the hole carrier concentration is

TABLE |
THE RELATIONSHIP OF THE ELECTRON DIFFUSION
LENGTH WITH THE p-SDE CARRIER CONCENTRATION

larger than the intrinsic carrier concentration, the probabilityPi4® ¢ier concentration(p) Electron diffusion length in p region(Le)
of holes participating Auger recombination processes higher (cm™3) (um)

than that of electrons, thus, Auger 7 recombination becomes =TT ST

the main role and decides the Auger mechanism. Therefore,

the influence of the Auger 1 and Auger S processes can  1016<p<1020 102<Le<102

be negligible in the range of the carrier concentration larger 5>1020 Le<1072

than the intrinsic carrier concentration. However, in the

range near to the intrinsic carrier concentration, all processes

will contribute to the carrier lifetime. relationship of the electron diffusion length with p-side carrier
Fig. 5 shows the dependence ab* for an nf-p concentration with:, = 240 cn?/V.s andZ = 300 K. Using

Gay.slng.2Asy.19Shy 51 detector, working at room temperatureTable |, (5) can be made a further approximation basing on

on the p-side carrier concentration and other materigle relationship ofL. and d.

parameters such as the width),( the mobility (,), and Ford > L.(p > 10?° cm™3)

the back surface recombination velocitg.). In addition KT 1 (RT
7—6
(ROA)e = —p = 5 V p27_e-

the 7auger @s @ function of the p-side carrier concentration e = — (19)
is plotted in Fig. 5(a) in order to compare how the Auger @*nile  qni\ qe

mechanism effecD*. Comparing the plots oD* at S =0 Ford <« L.(p < 10'° cm™3)

and 7auger iN Fig. 5(a), it is showed that, at. = 0, high d

D* can be obtai_ned with Iar.g&_Auger in the range of. KTp L. %L—e +1

p < 10%° cm=3. This result also indicates that the suppression (RoA)e = 22 D. P (20)
of the Auger mechanism can improve*. Meanwhile, it is CTC e+ I

apparent that the higher back_ s_urface recombination veloc#yd/Le is neglected in (20),

strongly decreases the detectivity and the peal®bdfmoves KT

to the larger carrier concentration with increasifig Until (RoA). = 2721). (21)
S, is larger than 1® m/s, D* will not be affected bys.. q*n;Se

The dependence of the detectivity on the p-side carriepr d ~ L.(10'¢ < p < 10%° cm™2), it is just (5).
concentration can be divided into three regions. In the rangeEquations (21), (19), and (5) correspond to the above three
of p < 10*¢ cm~2, only the variation of the back surfaceregions. Ford < L., (RgA). is not related with the width
recombination velocity has a strong effect on the detectivitgnd the mobility, while(R,A). is not related withS, and d
however, in the range o > 10%° cm~2, only the p-side for d > L.. Because ofD* ~ \/(RoA). in (6), the variation
mobility has an influence on the detectivity. In the p-sidef D* is similar to that of(RoA)..
carrier concentration range of ¥9-10°° cm=2, variations of A common characteristic exists in each part of Fig. 5.
all parameters will change the detectivity. Now, let us analy2&hen the p-side carrier concentration is larger than
the above results. 10?0 cm=3(d > L.), the detectivity stays a constant with

The electron diffusion length in a p-Galng 2Asy.19Sky.g1  increasing p-side carrier concentration, with as a constant.
alloy is related to the carrier concentration. Table | shows tidis result can be explained from (19).
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Substituting (8), (9), and (10) into (7), we can obtain [13] A. R. Beattie and G. Smith, “Recombination in semiconductors by a

1 o2 light hole Auger transition,"Physica Status Solidyol. 19, no. 2, pp.
p2T — X — i i (22) 577-586, 1967.
€ 14 ni2/p2 TfuniQ/pQ + 1/711&7 + 1/711&5' [14] A. Rogalski and Z. Orman, “Band-to-band recombination in

InAs; _ . Sh,,” Infrared Phys.vol. 25, no. 3, pp. 551-560, 1985.

Because ofp > ni(p > 10%0 cm—?’), the relationship of [15] B. L. Gelmont, “Auger recombination in diamond-like narrow-gap
semiconductors,Phys. Lett., Avol. 66, no. 4, pp. 323-324, 1978.

02702 _
ni-/p> = 0 can be used, thus [16] Y. Tian, T. Zhou, B. Zhang, and Y. Jin, “Theoretical analysis of Auger
2042 mechanism in a GalnAsSb infrared photovoltaic detect@pt. Eng.,
2
PTe= (23) vol. 37, no. 6, pp. 1754-1762, 1998.
7 7
1/7a7 +1/Tas

For a fixed compositionz and temperaturep®r. is kept
as a constant. Due t0RyA). ~ /P27, in (21), (RoA).
is a constant with a fixeg,,. In (6), D* ~ \/(RoA)., D*
is kept as a constant fgr > 10%° cm™3 with a fixed i,
which has been shown in Fig. 5. This result also indicates t
the Auger mechanism will not affect the detectivity when th
p-side carrier concentration is larger tharflem—3.
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IV. CONCLUSIONS

In this paper, the theoretical analysis of the Auger meci-
anism influence on themp GalnAsSb infrared photovoltiac
detectors is considered. It is shown that the Auger mecha-
nism is embodied through the lifetime which depends on the
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th lculated Its d trates that reduci th | E[%Wth of semiconductor materials and the research of optoelectronic devices.
€ calculated results demonstrates that reducing the VOIUIRE cyrrent research interests include the growth and characterization of

and the carrier mobility in the p region will increase th@arrow bandgap 11-V compounds and infrared optoelectronic devices.
corresponding detectivity. Under the condition of the thin p
region ( < L.), the lower surface recombination velocity is

expected for in an h-p structure. ) ) ) ) )
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