Noise gain in single quantum well infrared photodetectors
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A new approach to the calculation of current noise in single quantum well infrared photodetectors
is proposed. The modulation noise due to the fluctuation of the emitter barrier potential is taken into
account by considering the correlation between the elementary pulses constituting the excess current
injected from the emitter when the quantum well is depleted by electrons. A simple relationship
between the noise gain and the photoconductive gain of the device is obtained. A comparison with
experiments is also reported. €97 American Institute of PhysidsS0003-695(97)04101-4

In the last decade, an impressive effort has been devotezhpture of the electron takes place. This process corresponds
to the understanding of optical and electrical behavior ofto a clustering of the elementary current pulses relative to the
quantum well infrared photodetecto@@WIP9 in order to  passage of each electron. The independent trains of corre-
achieve as high as possible detectivity, sensitivity and opticdated pulses are generated by the processes of depletion and
gain! A great deal of attention has also been paid to thdilling of the QW by each bound state electron. Lt and
analysis of the current noise, both because the amount af- be the average time intervals during which the QW is
noise sets the lower limit for photon detection of the devicerespectively depleted or filled by an electron. This approach
and because the noise measurements provide a means fas been already used in Ref. 14 to evaluate the photocon-
optical gain determinatiofr.® ductance noise in conventional high gain photoconductors.

A photoconductive gairg,,; higher than unity with a The power spectrum of the noise in excess with respect to
detectivity D* =1x 10'° cm HZBZAN at 68 K for a detector the simple shot noise, due to the pulse clustering in each
cutoff wavelength ofA.=10.7um, was for the first time train, is given by
found in a GaAs/AlGg _,As QWIP, based orbound-to-
continuumintersubband transitions, by Hasnainal® QWIP B ’ ) p(1—vy70)°
infrared detectors similar to that described in Ref. 9 were (@)= 27o(@) (S(w))] w?i(p+1—prorg)?+1’
later studied by other authot%:'?In these papers a modu-
lation mechanism was invoked to explain the current transwherea, 7, p and v, indicate respectively the height of a
port processes in such devices. The electron depletion of trengle pulse, the average time interval between subsequent
first QW causes the building up of a high-field region in thepulses within the cluster, the average number of pulses
emitter barrier, which enhances the current injection from thewithin the cluster and the average number of pulses per unit
emitter contact into the QW structure. time. S(w) is the Fourier transform of the elementary pulse

Excess noise with respect to the simple shot noise wasf unitary height|| indicates the modulus ar{{l indicates an
experimentally observed in the device studied in Ref. 11averaging operation over the pulse ensemble.

These results were explained on the basis of the following In Ref. 14, it was taken into account that for bulk pho-
expressiong? toconductors the electron transit between the electrodes is
® (1) = 201D eno ) 2 interrupted by thgrmally activated processes i.n shallow de-
n noiseshott /s fect centers. In this letter we shall consider a single quantum
where®¢;,o(f)=2el indicates the equivalent vacuum tube well device as in Ref. 11, whose energy band structure is that
shot noise power spectrum at low frequencies and the noisepresented in Fig. 1. We will assume that only a negligible
gain gnise Was assumed to be equaldg,= 7. /7. Equa- fraction of the electrons crossing the device is dynamically
tion (1) is however obtained under the assumption that theaptured and released by the QW. Thus in the present case
electron stream, corresponding to the curiienhay be rep- the height of the elementary rectangular pulse, corresponding
resented as a superposition of independent pulse trains cotw the current of a single electron crossing the interelectrodic
stituted by Poisson distributed pulses of average duratioregion, isi=e/r;,. By neglecting the fluctuations of the
7, and whose individual duration{ is also Poisson dis- electron  mobility, one obtains (a)?=i?> and
tributed. In other words, these pulses must be produced blfS(w))|?= 2 sirf(wr/2) Tw?.
the passage of /7, electrons correlated in such a way that It can be observed that, the number of current pulses
“exactly” when one electron reaches the anode another onerossing the device during the QW ionization timg, cor-
is injected. responds to the optical gaig,,;. On account of this, the

In this letter we shall show that the transport mechanisnexcess current due to the emission of a single electron from a
introduced in Refs. 10 and 11 allows one to also account foQW during 7p can be written as\i= g,,€/7p. Further-
the current noise behaviour without the above assumptiormore, the quantities, 7y, p are related by the following
Both the optical and the noise gains have the same origin: eelationship:rp = 7op = 79g,pt, While the average number of
transition of one electron from a bound state in the QW topulses per unit time, is equal to:vg= p/(7p+ 7¢) . There-
the continuum state affects the potential across the emittdore the following relationship holdsvgrg= 75 /(7p+ 7¢)
barrier and gives rise to an extra current injection until the=nj/Ng, whereN§ is the total number of the QW bound
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FIG. 1. Conduction band diagram of a single quantum well infrared photo- o qo% | '.,.p-;;
detector. The solid line corresponds to the conduction band profile for a o o o
given external potential under quasiequilibrium conditions. The dashed line .
. N . . Bias Voltage [V]
corresponds to the conduction band profile if a negative fluctuation of the Lo-27 | ' ‘

number of bound electrons, with respect to its average value, occurs in the 0.0 0.1 0.2 0.3 0.4

QW. Bias Voltage [V]

states corresponding to the number of doping atoms, an@lG. 2. Current noise power spectral density as a function of the applied

”B is the average number of depleted bound states. If thgias._ Results refer_ to 77 K. Point_s are experimental values. The continuous
line is the theoretical curve obtained according to the present model. The

depletlon—ﬁlllng processe§ of the QW bOU”O,' states ar? Indes'imple shot noise @l is also plotted(dashed ling The best fit of the ex-
pendent and the fluctuation of the current is small with reperimental data is obtained by means of the optical gain shown in the inset
spect to its average value, the total current noise power spepen circleg while the filled circles correspond to the optical gain obtained
trum, exceeding the simple shot noise, can be obtained bP the basis of the Rose mod&ef. 13.

summing ovemNy :

studied!! The area of the structure was=3.1x10* cn?.

The quantum well was Si doped and had a density

® — 2ersAi. —psir?|
exceskw) = 2eny I‘ﬂ.w Sl 2 (ND=1><1018Cm_3)-

k| 2 The quantityAi has been determined as
D
gopt<1 NE) _ dl B dl dV,
Nz (3) T ang T dVe dnd’ ©
0?3 1+ - 2 +1 .
Jopt D where the quantityll/dV, can be deduced from the data of

. o Figs. 2 and 3 of Ref. 11. The quantity/./dn} is equal to
The noise power spectral density, in terms of the fré-g/5c \where C is the capacitance of the emitter, given by
quencyf and in the low frequency rangawfp<<1), IS . . A/l and the value, =12.4 was taken as the relative
thus given by dielectric permittivity of the AlGaAs. The quantitiy is

n*\ 2 equal to NpAL,. The quantity nj is equal to
CDn(f)=2e|+4en’5Aigopt(1— N_E) , (4  (Np—n)AL,, wheren is the three-dimensional free elec-
D tron density in the quantum well and is reported in Fig. 8 of

Ref. 11 as a function of the applied bias. In Fig. 2, we have
plotted the current noise power spectral density against the
bias voltageV,,. The data refer to 77 K in the dark. Circles
are the experimental data from Ref. 11, the broken line cor-
responds to the simple shot noise, while the continuous line
() was obtained by using E@4). The optical gains shown in
the inset of Fig. 2 were obtained as best fit parameters re-
Only in the particular case whereg,,>>1, spectively of Eq.(4) (hollow circles and of Eq.(1) (filled
ng/Ng<<1 and ngAi=I, may it be assumed that circle to the noise data. The fitting was also performed for
Onoise=Jopt- Since, by definitiomAi= dl/dng, the last re-  the experimental data at 12 (Keported by the same authprs
lationship requires thdt varies linearly withny . Therefore again obtaining very good agreement. In conclusion, we can
Eq. (5) can be considered more general than @&g. say that the transport model proposed in Refs. 10 and 11 is
In order to show that Eq5) gives the correct order of also supported by considerations of the modulation effect of
magnitude of the current noise, a comparison with the exthe emitter barrier potential on current noise. Further work is
perimental data reported in Ref. 11 is now carried out. Aneeded to develop an analog noise theory accounting for the
symmetrical rectangular barridround-to-continuumQWIP  behavior of the current fluctuations in multiquantum well
consisting of an_,,=40 A GaAs quantum well surrounded infrared detectors. A reduction of the noise gain in multiple
by two L,=500 A undoped AJ,Ga s barriers was QWIPs should however be expected because of the reduction

where the simple shot noise®, present also in the absence
of emitter barrier modulation, has been add®By using the
definition of g,,ise given by Eq.(1), we get
1 npAi ( n’5)2
Onoise=s + ——Goptl 1— —% | -
noise™ o | opt NB
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