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Responsivity of quantum well infrared photodetectors at terahertz
detection wavelengths
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A first-principles model of the photocurrent in quantum well infrared photodeteC@WéIP9 is
derived. The model examines the responsivity, carrier capture probability and quantum efficiency. It
is found that the QWIP sensitivity reaches a plateau below tharOdetection wavelength and
remains nearly constant from 10 to »n. © 2002 American Institute of Physics.
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I. INTRODUCTION

Quantum well infrared photodetectdi@WIP9 have at-

tracted the attention of many researchers during the las

decadé;*and the detailed physical understanding of QWIPé;nS;tZ ??: estate the photogenerated carrier deri{g) is
operation has stimulated study of optimum QWIP design. U

This has resulted in the proposal of several theoretical dP(z)

model$~8 to express primary QWIP characteristics such as o

responsivity, detectivity, photoconductive gain and photocur-

rent. However, the QWIP formulas derived from these dif-hence, the generation rate must be equal to the recombina-
ferent models vary due to the diversity in definitions andtion rate. Say the latter is described by a recombination life-

~.G(2)= Aid<bs(1—r)exp(—az).

basic assumptions. time 7, then

In this article, a simplified unifying model is presented IP(2) P(2)
with the aid of some of the definitions and assumptions from =G(z)— —=0,
the models mentioned before. It starts by defining the photo- T
current in a simple detector and linking the physical characand hence
teristics of capture probability, gain, and ultimately the re-
sponsivity, to the detection wavelength. The aim is to P(2)=7G(2).

understand the consequences on the photocurrent of extend- The average photoelectron density is therefore
ing the detection wavelength of QWIPs to their far-infrared
or terahertz limits. =1 fL 1 JL

=T, P(z)dz= C s G(z)7rdz
Il. PHOTOCURRENT AND PHOTOCONDUCTIVE GAIN

T L
Figure 1 shows a simple schematic diagram of a = aLZd (1—r)f exp(— az)dz,
detector whereL is the thickness and is the surface area 0
of a slab of photoconductive material, afid is the optical o T D7
. . . . . S S
flux incident normally. The intensity of the flux is usually ~P= A (1-r)[l-expg—al)]= AL
taken to decrease exponentially with the penetrating depth d d
hence, the intensity of flux at any depths where 7 is known as the quantum efficiency and is defined

_ B B here as the probability that a photon is absorbed in a quan-
©(2)=0y(1-r)exp~az), tum well to produce a photoexcited electron. This quantum

wherer is the reflection coefficient of the surface amis the  well efficiency is shown later

absorption coefficient of the material.

The photocarrier generation rate per unit volume is given 7= (1= N[1—expd—aly)], @
by’ where the absorbing lengthis now taken as the width, of
1 dd(2) the quantum welt® Thus, al,,. Recalling that a general cur-
G(z)=—— rent density is of the form fiev,” then the photocurrent

Ad dz ’

_ T
l,=PevAs=I1,=(nds)e—,
dE|ectronic mail: eenmag@leeds.ac.uk P ¢=1p=(7Ps) L

0021-8979/2002/91(9)/5820/6/$19.00 5820 © 2002 American Institute of Physics

Downloaded 02 Nov 2006 to 129.11.76.129. Redistribution subject to AIP license or copyright, see http://jap.aip.org/jap/copyright.jsp



J. Appl. Phys., Vol. 91, No. 9, 1 May 2002

o,
| 1
'

:

FIG. 1. The geometry of a detector.

thus
l,=edgng,
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FIG. 3. Responsivity vs detection wavelength for a range of capture prob-
abilities P, that are independent of. The reference value fd?. of 0.346
was taken from Ref. 12.

2

whereg is known as the photocurrent gain and can be inter-

preted as the ratio of the electron mean free patho the

1-P. 1

sample thickness and is interpreted as a measure of the 9~ (©)
P. N

photoelectron transpottt’ The photoconductive gain is
viewed in terms of a quantum well capture probabilRy

and is derived from Fig. 2, see Refs. 7 and 10.

as deduced by Levinet al.,”*°

The total photocurrent consists of the remaining photoq,; RespoNSIVITY
current(i.e., electrons not captured by the welll—P()I,

and the emitted current from the well {IP)i,,* see Fig.

2. In order to maintain current continuity
lo=(1—P)lp+(1-Pip,
~dpPe=(1=Pyip

after using the definition in E¢2), 1, andi, becomé®

lp,=edsn,g and i,=edgp,

wherez, is the quantum efficiency of a numbidrof wells in

The responsivity of a QWIP is a commonly used figure-
of-merit for detector performance and is defined as the pho-
tocurrent per unit watt of incident Iigﬁti.e.,

a QWIP, andy is the quantum efficiency of a single well

with unit gain. NowP.l,=(1—P.)i,, therefore
eds7ngP.=(1-Pc)edsy,
1-P. 7
Sg= Pe 7
Recalling thatn,= 7N, then

I,
\
\ (I_PC)I P

Plp (1-P.)ip

FIG. 2. Schematic band diagram of a unit gain single well in a QWIP
including the total net photocurremt and the emitted photocurrent by a

single well.

eng
R= T (4)
now
_c
V= X’
thus, in terms of wavelengtk:
eng
R= W)\' (5)
Taking the photoconductive gamfrom Eq. (3), then
ep 1-P.1
“hc” P, N’ ©®

Using this expression, Fig. 3 illustrates the responsivity
R as a function of detection wavelengkh for various, but
fixed, capture probabilitieB. It can be seen that there is a
direct proportionality betweeR and\. The standard capture
probability P, of 0.346 was taken from the Sum
Sig.645& .36/ Si QWIP of Ref. 12, and the absolute values of
the responsivity were calculated assuming a constant quan-
tum efficiency » of 10% which is typical of manyr- and
p-type devices:*>13The number of wells in Fig. 3 was fixed
atN=10.

IV. CAPTURE PROBABILITY

Figure 4 shows the results of calculatihef the detec-
tion wavelength\ versus the quantum well width, for a
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FIG. 6. Responsivity as a function of detection wavelength for a varying

FIG. 4. Detection wavelength vs well width I, for different Ge concen- ~ capture probability I,.=50,100,150 A) as defined in E¢L0). The other
tration with fitted curves. parameters are from Ref. 1R,=10, andA=2.248<10 1% cn? for a Ge

concentration ok= 0.3 with the quantum efficiency kept constant at 0.10.

series of Sj_,Ge /Si quantum wells. The solid lines show

curves fitted viaA andB to the data of the form tant limits
)\=IéB. (7) P.—0 asl,—0
w
and
It was found that the exponeBtwas always very close
to 1, thus for the purpose of this work P.—1 asl,—».
A= é (8) Both of these limits could be fitted empirically by taking
lw the capture probability as
with the parameteA (having the dimensions of cinde- -
pending on the deptfin this case, the Ge concentratignof P.= 1—ex;{ W) , (9)
the well. The SjeG& 36/ Si QWIP2 mentioned earlier, is to Le

be used as an example device configuration. For this materi@\'/hereL is a decay constant defining the rate of increase of
concentration, it was found that the _constanti_nking the the capiure probabiliy?, with well width I,,. Using the
wavelengthi af‘f'o the quantum well width, [as in Eq.(s?] expression for the wavelength dependence on the well width
was 2.248 10 (':mz_ The GaAS/G@”AlO-ZG.AS material [Eq. (8)], then the capture probability can be expressed in
system employed in the QWIPs of Ref. 15 will also be used.[erms of\ ie
In this caseA was found to be 4.8810 % cn?. T
In the previous section the capture probability was as- —A
sumed to have no dependence Xanhowever, it would be Pc=1—eXF< 3 )\)-
expected in practice that the capture probability increases ¢
with increasing well width, as illustrated with the aid of the Now substituting Eq(10) into Eq. (6) gives a relation-
arrow thickness in each well in Fig. 5. There are two impor-ship between the responsivity and the detection wavelength
which includes this simple model for the capture probability.
Thus, the responsivity becomes

( —A)
ex

en LA
A <

hcN p(—A)'
1-ex

(10

photocurrent

R= (12)

LN

With the aid of Eq.(11), Fig. 6 replots the data of Fig. 3
(with the capture probability?, scaled so thaP.=0.346
when\ =5 um) to displayR as a function oh for several of
the lengthd. ... It can be seen that the responsiviitgreases
narrow quantum well wide quantum well superlinearily with detection wavelength. This is because un-
FIG. 5. Schematic illustration of the proportion of the photocurrent which isd€r this model the capture probability decreases with increas-
captured by subsequent quantum wells. ing wavelength, thus increasing the photoconductive gain
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. . . FIG. 8. Responsivity as a function of detection wavelength for a constant

FIG. 7. Quantum efficiency as a function of detection wavelength for thecapnire probability and a variable quantum efficiency in SiGe/Si and GaAs/
example material systenfsee Refs. 12 and 15 AlGaAs quantum wellsL .= 150 A
c .

V. QUANTUM EFFICIENCY ficient depends on the doping density, so for a constant dop-
ing density within the quantum wells, the absorption coeffi-

rect;arg tgnp;?a/:tﬁze Zlfdelar?tt'"n:tg]ffhfg focﬁc;]shgz\’\éégg" cient would become a function of the well widtl, and,
w well quantu Iciengyvni hence, it would also be a function of the detection wave-

;ﬁtql;ednaass constant. In Ref. 11, this quantum efficiency is deI'e:ngth)\. For generality and to remove an additional variable

from the analysis, the assumption is made that a series of
n=P(1-r)[1—exp—Baly)], (12 devices could be designed to have the same absorption coef-
ficient. This would be achieved by increasing the doping
density as the width of the quantum wells is decreased—in
aqrder to achieve the sansheet density of carriers.

where P is a polarization dependent constai@=1 for
p-type QWIPS, « is the absorption coefficient aril is a
constant depending on the number of paths the infrared r
diation made through the QWIP active region. In the worst

case of a semiconductor/air reflection coefficientl/3 and VI. COMPLETE MODEL

B=1, the quantum efficiency would become Figure 9 shows the behavior of the responsivity when

n=35[1-exp(—aNl,)], (13)  both the capture probability and the quantum efficiency are
where. in arN well device NI... is the total width of absorb- &llowed to be functions of the detection wavelength. We sub-
’ ’ w

ing material. Using the relationship between the well widthStituted _Eq.(14) into Eq. (1) as shown in Eq(15), thus
and the detection wavelength given in E8), we get completing the model

2 A
77—§ 1—ex —aNX . (14) 1500
The absorption coefficientr depends on the material

system and the doping density. From Ref. 12, we obtain

=36.15<10° cm ! for those particular 10 $iGe, 3¢/Si SiGe/Si

1000 + \

guantum wells which are homogeneously doped with boron ’%\
™
500 \ 1

giving a sheet concentration ofpg=1.2x10%cm 2.

Whereas, from Ref. 16=25.4x 10° cm™? for the 25 period
GaAs/Al »Ga 7/As QWIP with a doping densitiNy=1.4
% 10'® cm~2 and surface grating to allow normal incidence.
Then, substituting these values into Etg), we obtain thep

curves shown in Fig. 7. Then, returning to Edl) we cal- GaAs/AlGaAs
culated the effect of the wavelength dependent quantum ef- 0 ’ . ‘ .

ficiency » summarized in Eq.(14) upon the respon;mty- 0 10 20 30 40 50
versus-wavelength relationship, but this time reverting back _

to the case of constant capture probabilgge Fig. 8 The Detection wavelength A (Lm)

model assumes that the peak absorption coefficient is con; y , . .

) . IG. 9. Responsivity as a function of detection wavelength for a variable
stant for all dev!ces made from the same material, r_egardle%pture probability and quantum efficien@s a function of detection wave-
of their absorption wavelength. In fact, the absorption coefiength. L,=150 A.
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wavelength when the power is 1 photon per second.
FIG. 10. Photocurrent as a function of detection wavelength when the power

is 1 photon per secontN,=1.

the current is now given in terms of the number of photoex-
cited electrons per second

—A
o e
R hsN \ Lci\A g( 1—exp{ _ aN% ) . (15 Number of photoexcited electrmsm.
— 1
1 exp( LJ\) 17

_ - 10 B Both figures show that in these terms the sensitivity of
In Fig. 9 we tookA=2.248<10 cn? andN=10 as e QWIPs reaches a plateau and for increasing wavelength a
for the SiGe devices of Ref. 12 anti=4.83x 10" *%cn?  constant number of electrons can be expected to be photoex-
andN=25 as for the GaAs/AlGaAs devices of Ref. 15. It ited per incident photon(Iit maybe disconcerting to see
can be seen that there is almost a direct proportionality, mirgjze QWIPs with 10% quantum efficiency having higher
ro.ring the simple constants-based mod(_el at the beginning GEsponsivity than 20% efficient GaAs/AlGaAs QWIPs. No
this work. However, the absolute magnitudes of the respongjgnificance should be attached to this, because the devices

sivity are now more justified. Further consideration needs t,aye different numbers of quantum wells and different dop-
be given to this data because although the responsivity inpg densities, ets.

creases with detection wavelength, it does not tell the full

story. The unit of the responsivity is milliamps per watt with

the latter representing the incident power. As the detectior\1/”' CONCLUSION

wavelength increases the photon energy decreases, hence, This article has derived two essential relationships for
there are more photons per watt, which may be expected tihe capture probability and the quantum efficiency, each one
produce more photoelectrons and thus more photocurrent. as a function of the detection wavelength. These dependen-

In effect cies have enabled the responsivity to be expressed in terms
| of the detection wavelength. Subsequently, a photocurrent
R= -2, model was established by focusing on the remaining factor:
P the incident power(i.e., P=1,/R). As the latter was re-
wherel, is defined in Eq(2) and the incident power is stricted to the power of a single photon, then the number of
photoexcited electrongo produce the photocurrenwas de-
P=Nhv= NpE. termined. It was found that the number of photoelectrons per
A incident photon is likely to tend towards a constant as the
N, is the number of photons per second. Hence, the comavelength of the incident light is increased beyonduto
plete photocurrent, equation becomes and into _the terahertz region of the sp_ectrum. This is an
encouraging result and suggests that far-infrared QWIPs may
ex;{ __A) have a sensitivity no less than those in the midinfrared re-
LA 2 A gion. The realization of such devices will therefore be depen-
lp=RP=Nog —— A7 §( 1—exp{ —aN~+ ) : dent upon the dark current in order to obtain a viable signal-
1—GX% Lc?\> to-noise ratio-*6~19
(16)
1
Figure 10 shows the photocurrent per incident photon ﬁl'a?éiﬁgigi‘)ﬁﬁﬁ f;égy%c.’”;g%‘fe on Infrared Detectors and Focal
(N,=1) as expressed in E(L6). 23, Gunapala, G. Sarusi, J. Park, T. L. Lin, and B. Levine, Phys. World

This is perhaps more vividly illustrated in Fig. 11 where 35 (1994.
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