Noise in single quantum well infrared photodetectors
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The spectral density of current fluctuations in single quantum well infrared photodetectors is
calculated using the Langevin approach. The noise gain and photocurrent gain are expressed in
terms of basic transport parameters. Fluctuations of the incident photon flux are taken into account.
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The noise of the dark current and photocurrent is artacts(Fig. 1). Our model basically follows Refs. 18 and 20;
important factor in operation of the quantum well infrared however, we do not assume any particular shape of the emit-
photodetector§QWIPS." For typical operating conditions, ter and collector barriers, so, for example, the injection cur-
the main source of fluctuations in QW'PS IS generatlon-rent|e has a genera| dependence on the electric wdn
recombination noise associated with the excitation of carrierghe emitter barrier. An important transport parameter of the
from the QWs i.nto_the continuum and t.heir_ capture in_to .themodel is the efficiencyd (8<1) which is the probability for
QWs. Fpr appllcatlons' the s'tudy O,f NOISE I QW”,DS IS 1M an injected electron to pass from emitter directly to collector,
portant in order to obtain devices with high detectivity, and 'twhile (1—B) is the probability of electron capture by the QW

also provides additional physical insight into these SyStemS(here the meaning of the QW capture probability is different

Fluctuations are the natural sources of transient excitatior*, that in th £ drift elect ¢ ‘i WIP
therefore the QWIP response to this excitation provides jnirom that in the case of driit electron transport in Q S

formation on internal physical processes, and thus forms th\ﬁ’ith multiple QWs; see Ref.)9 The electrons emitted from
basis for noise spectroscopy.Due to the numerous experi- the QW are collected by the collector and emitter with prob-
mental and theoretical works on noise properties of QwIP@bilities £ and (1-¢), respectively(electron transport from
with multiple QWs(see, e.g., Refs. 1,4%%he overall un- the QW to the emitter is especially important for SQWIPs
derstanding of the QWIP noise characteristics is satisfactoryyith triangular barrier$=29. Electron transport across the
Some issues, however, are still controversial, such as themitter and collector barriers is assumed to be instantaneous,
relation between the noise gain and the photocurtepti-  therefore, our analysis is limited by frequencias
cal) gain, the frequency dispersion of the noise spectral den<y/maxW,,W.)~10? s~ 1, wherev is a typical (ther-
sity, and the role of the injecting contact. mal) velocity andW,, W, are the emitter and collector bar-

In this letter we consider a single QW QWIBQWIP.  rier thicknesses, respectivelghe model of instantaneous
SQWIP is especially attractive theoretically because itsjumps can be used for both thermoactivated emission and

simple structure allows an accurate self-consistent Calcu'%nneling. We also neglect the electron interactions during
tion of the electric field, injection current, and charge accu-,

. . traveling in the barrier regions, and single-electron correla-
mulation in the QW, and hence a better understanding of th? . . .

) ) .. C ions. The dynamics of the electron transport in SQWIP is
noise properties. In addition, SQWIPs are intrinsically fastd ibedt by the following L . tions:
devices promising for C@laser based high-speed applica- escribed” by the loflowing Langevin equations:
tions, for which noise is an important considerattén'2 Al-
though SQWIPs have been studied by several research
groups(see, e.g., Refs. 13-1L6we are aware of only one
theoretical papéf dealing with the noise in SQWIPs. How- N

. . . [
ever, the result obtained in Ref. 17 requires a number of
restrictive assumptiongarge photocurrent gain, absence of
the electron transport from the QW to emitter, gtc.

In this letter we extend recent theoretical studies of ¢
SQWIPE8-2 to present a noise theory for SQWIPs. The FlwetTue)
frequency-dependent spectral density of current fluctuations Qw
is expressed in terms of the basic transport and injection
parameters, and is applicable for SQWIPs with different de-
sign concepts. W, iy

. . . . e fo)
The SQWIP under consideration contains a single-level [ S .

QW separated by undoped barriers from heavily doped con-

FIG. 1. Schematic diagram of the conduction band profile and currents in a
SQWIP (the barrier shapes are arbitrarQWIPs with thermoactivated as
3E|ectronic mail: ershov@u-aizu.ac.jp well as tunneling transport can be described by the model used.
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corresponding product of probabilities. Equatigqd$ show

I= We(lew_l\t/ve_l\l/)ve—’_ Eew Ewe— &) that the photoexcitation current noise has simple Schottky
behavior only if the photon flux is Poissoniéa=0) or 7 is
St L ip 4 st D small.
+ W(|WC+ et dwet Ewe) T lect Eec, (1) Equations(1)—(4) allow us to calculate the noise prop-
erties of SQWIP. Applying the standard Langevin mefitod
Q=lew— e 10— 1 c—15¢ to the linearized version of Eq&l) and(2), we first formally
; 0 . 0 solve Eq.(2) in the frequency representation taking into ac-
+&ew™ Ewe™ Eve™ Swe™ Eine- 2 count the dependence of currents on the accumulated charge.

Herel is the total current through SQWImhich is equal to ~ Substituting the result into E¢1) and using Eqs(3) and(4)

the sum of the conduction and displacement currents at arfPr Langevin sources we obtain the following spectral den-
cross section | .= 81, andlg,=(1—B)I, are the currents Sity of the total current:

from the emitter to the collector and the well, respectively,

andl,,.= ¢l,, andl .= (1—¢)l,, describe the electron trans- Si(@)=2€(leq) + 2€[(lew) + (I + (1o

port from the well to the collector and the emittdr,&15, W, x |?
+1%, where superscripts and p denote the currents due to X(A+A=Ona(o)ll Wy~ T507
thermo- and photoexcitation, respectivelyWe neglect the

current from the collector assuming sufficiently large bias +2e[ (1L, H {12 N1+ {pa(w))]

voltageV. The well is assumed to be narrow, so the total
structure thickness iW=W,+W,, while the finite well
thickness in the first approximation can be taken into account
via effective values foWW, andW,. The current . depends W
mainly on the electric fieldE, in the emitter, Ee=E2 X{(1- ) na(w) Re{(_e_ X )
+VIW—-QW,/(eecAW), while 1, depends on the electron W 1l-ler

W, X 2
W+1_ I +4e(<|\‘/)ve>+<|\’/)vc>)

X

population in the QW and electric fields in the barri&$>18 W X

so all currents are some functions of the QW chapgéere X WC TTiorl | (5)

Ais the SQWIP areae, is the dielectric constant, arif is

the parameter of the SQWIP desjgior simplicity we ne- dl dl dl

glect the dependencies gfand{ on the accumulated charge. pole o S, T We, T W (6)
Studies of the steady-state characteristics and admittance dQ  dQ dQ

of SQWIPs described by similar models have been reported

recently!****2%n this letter we concentrate on the fluctua- — | — dl_ec+ %( dlwe _ dlew)  We dlwe @

tions which in Eqs(1) and(2) are caused by random Lange- dQ W{dQ dQ/ W dQJ

vin terms£(t). All random terms(exceptéh,, and &6, see
below) have no mutual correlation, all of them afecorre-
lated in time, and the corresponding spectral densiies)

are given by usual Schottky formula:

Here the derivativesll;/dQ also take into account the de-
pendence via the electric field modulated ®y (Obviously
(lewy ={lwe) T {lwc).) One can see that in the case @)
=const the spectral density has a Lorentzian shapéh a

S, (w)=2€(lew), Sg (w)=2 e(l},o), etc. (3)  pedestalwith the characteristic frequeney . Equation(5)

can be used to determine the noise gain which is traditionally

(brackets denote time averagjndrhe fluctuations of the defined ag,(0)=S(w)/4e(l).
photocurrent depend on the photon source noise. Let the Equations(1) and(2) without noise sources can also be
photon flux incident on the SQWIP have the spectral density;sed to calculate the photocurrent gétme ratio between the

Sp(w)=21[1+ a(w)] wherev is the average fluxphotons  variations of the total current and the photoexcitation current
per seconfland @ describes the deviation from the Schottky for small-signal harmonic infrared excitatipn

level. Then the noise of the photoexcitation currents from the

QW is given by Sl(w) W, X
Op(w)= =Wt ®
Sep (0)=2e(ID[1+{na(w)], (1)=env, () ~ W 1-ier
S (w)=2e(1— {12 1+(1— ) na(w)], (4) The frequency dependence of the photocurrent gain is
we obviously governed by the same time constanbf QW
S o (0)=2e(10){(1- ) na(o). recharging® (This time constant corresponds to the time re-

quired to establish equilibrium at the injecting contact in
Here the last equation describes the mutual spectral densitWIPs with multiple QWs?)
and the absorption quantum efficiengyincludes the finite To simplify the analysis further let us assume
probability for a photoexcited electron to escape from thddl,./dQ+dl,./dQ|<|dl.,/dQ| (that is a typical experi-
QW. Equationg4) can be derived by separating the terms inmental casge Then r=(1-8) (—dl./dQ)"! and x
the correlation functions corresponding to one and two exci= 8/(1— 8) +W,/W. If we also assumex(w)IP<l, (so
tation events. The first term is proportional to the probabilitythat we can neglect the non-Poissonian term of the photocur-
&n or (1—£) » while the second term is proportional to the reng, then the noise gain is given by
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In the special case whef=1 anda=0 our main result

gn(0) —gn(=) 11+p . :
On(@)=0gn(®)+ ————5—, gn(0)= 21-p’ given by Eq.(5) can be compared with the result of Ref. 17.
1+(o7) (9) They coincide in the limit of high photocurrent gain; how-
W, W, /W—¢ ever, they are different for finite photocurrent gain because

gn(*)= ;+(1_B)W Bri_ gL the result of Ref. 17 is not applicable in this case. We have
checked that fog=1, =0 the correct expression can also
Under the same assumptions the ratio between the noise gade obtained using the Fokker-Plank technitjieveraging
and the photocurrent gain at small frequencies is given bexpw(t,—t,) wheret,, andt,, are the moments of electron
the expression jumps. In the general case considered in the present letter,
_ _ the Fokker-Planck techniqgue becomes much more cumber-
9n(0)/gp(0)=(1+B)[2(5+ L~ BL)] (10 some than the Langevin method.
(in conventional photoconductors this ratio is close to dnity In conclusion, we have calculated noise in the SQWIP
while in our case unity is realized only iB—1 or {  under the assumption of fast electron jumps over
=1/2), and the minimal detectable photon flux;, at low  through the barriers.
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