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Low-frequency photocurrent noise in semiconductors: Effect of nonlinear
current—voltage characteristics
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A current noise model for planar metal-semiconductor—metal photodetectors is proposed, which
allows one to account for the low-frequency excess-noise behavior measured in several
semiconductor devices. According to the proposed model—based on a multiplicative noise
mechanism—the photocurrent noise power can be directly related to the carrier density and to the
photogeneration level. Moreover, in the absence of potential-barrier fluctuations, the stamdard 1/

behavior of the simplg-r noise model is recovered. @001 American Institute of Physics.
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Photodetectors are basic components to instrumentaticierface potential barrier. Indeed, semiconductor surfaces and
operating in optical communication and environmental-interfaces are characterized by accumulation or depletion
control fields. A severe concern associated to such systemsleyers due to ionized states and compensating space-charge
the level of electrical noise, mainly in those applications re-regions on either siddUnder illumination, the occupancy of
quiring very high sensitivity. For a fully homogeneous the interface levels changes, causing a readjustment of the
semiconductor device in the absence of defects and donors,space-charge regions and thus changing the average current
noise is due to fluctuations of sample resistance and, ultiand its fluctuations. The electric field at a semiconductor
mately, to uncorrelated carrier number fluctuations, the relainterface fluctuates as a consequence of the following pro-
tive noise powex §G2)/G? varies as 1B, G being the aver- ~ cesses{i) stochastic emptying/filling of carrier traps at the
age conductance of the sampféThis property is, however, barrier and within the space charge region, éindfluctua-
rarely satisfied: real samples are far from being fully homo-tions of carrier density at space-charge boundary in the semi-
geneous and fluctuations always show a certain correlatioponductor bulk. The multiplicative noise term can be easily
degree. A variety of inhomogeneous systems and devicegbtained introducing the effect of light on potential barrier in
indeed exhibits a relative current noise exceeding the corrghe current—voltageJ—V) characteristics as follows. Let us
sponding homogeneous valfi@. In such cases, the earlier consider a symmetria»-type planar metal/semiconductor/
relationship plays the unique but important role of referencenetal photodetector characterized by potential barriers—at
to evaluate at what extent noise deviates from the ideal besurface or at metal/semiconductor contact—operating in
havior. thermionic-emission mode. The electron current density

The aim of this letter is twofold(i) we shall present a flowing through the device is given by
variety of results showing how different semiconductor ma- J=n ~ GIKT(geVIKT _ 1 2
terials exhibit an universal low-frequency photocurrent noise —Nevwe (e ),
behavior and(ii) we shall propose a noise model able towheren denotes the free-carrier density in the semiconduc-
account for such excess-noise phenomena in terms of a mubr, v, is the thermal velocity, ane is the potential-barrier
tiplicative noise mechanism. Our experimental results are rekeight with respect to the conduction band. Under steady
ported in Fig. 1; here, the relative conductance noise powegpshotoexcitation, the free-charge densityis given by the
(8G?)IG? is shown as a function of the conductar@dor  sum of the thermally excited carrier density and of the
PbS, PbSe, and HgCdTe photoconductors at different tenmphotogenerated carrier density,,. In the case of uncorre-
peratures. Instead of decreasing according to ti& rile  lated fluctuations of and ny,, the current noise power
whenG increases—due to increasing light intensity with re-spectral density is given by the sum
spect to the background level—the relative noise power )
grows, reaches a maximum, and then decreases monotoni- s (w):(ﬂ) S, (w)+
cally. Moreover, the amount of noise power exceedirg &/ N 0
larger for materials with narrower energy gdpse Fig. 18)]
and for lower temperaturgsee Fig. 1b)]. Similar behaviors
have been previously reported on by other authors for GaA
Si, and GaN’® In order to explain such a general behavior,
we propose a physical model, which generalizes those re- .
cently proposed in Refs. 5 and 6, based on a multiplicative Sn(w):4<5n2)—2, (3
noise mechanism due to fluctuations of a photosensitive in- 1+ (w7)

3J )2
th Sh(@), (2

WhereSnO(w) and quh(w) are the spectral densities of the

gluctuationsﬁno and ony, which, according to the standard
d—r noise model in semiconductotsake the form

where a single characteristic recombination time, for opti-
dElectronic mail: acarbone@polito.it cally and thermally activated processes, is considered. The
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FIG. 1. Relative conductance noise power as a function of the conductandelG. 2. Relative conductance noise power vs conductan@ fér different
G (a) for PbS, PbSe, and HgCdTe measured at240 K, and(b) for PbS values of the recombination paramesgrand (b) at different temperatures
measured at different temperatureB=(240, 260, and 300 K The first (T=240, 260, and 300 Kcalculated by means of E¢B). The first value of
value of each curve corresponds to dark conditions. The conductance each curve corresponds to dark conditions.

increases as light intensity increases. Details concerning the experimental

setup can be found in Ref. 6. Photodetectors are by Hamamatsu Photonics.

Dashed line corresponds to the ide&E lehavior. rate is then given by +g=bns*! and, therefore, we get

n(d¢langy,) =(s+1)(L+9g)(dé/dL). Equation(5) can then
partial derivatives in Eq(2) can be obtained by differentiat- °€ rewritten as
ing Eq. (1), keeping in mind the dependencedfon n,, due

to processes likéi) and (ii): SJ;:))
ﬂzce— GIKT ﬂzce— GIKT 1_1% (4) S, (0)+[1—(s+1)(L+g)1/KT(d /&L)]ZSH (0)
dng T INgh KT dngp _ Mo @ g ¢ @ |

n2
with C=evy(e®VKT—1). By introducing Eq.(4) into Eq.

(2) and dividing both members by?, we finally get the ®
desired relative current-noise power spectrum Finally, the total noise power can be obtained by integrating

Eq. (6) over all positive frequencies:

) (83%)
J2

Si(w)  Sn(@)+[1= (VK2 ang) 12y (@)

J?2 n?

Here, the term in square brackets corresponds to the ampli-
fication effect acting orSnph due to the dynamic response of

the interface potential barrier to the fluctuatiadrgy,. In the
absence of potential barrier fluctuations, the quantity (7)

dlng, vanishes and Eq(5) reduces to the standard Since carrier-density fluctuation processes have been as-

generation-recombination noise term. In order to Comparg o4 to be independent. we haf n2)=n. and (Sn2
Eq. (5) to the experimental data, a relationship between car-_ P ' 0/ ="o { ph>

rier densityn and optical and thermal generation rateand is ;‘;Céﬁ%;ombmmg these results, the refative noise power
g is required. Under steady conditions, the total generation

rate L+g is balanced by the total recombination rate (8% o

nvyp2;SiN;, S; and N; denoting, respectively, the capture 727 8)
cross section and the number of recombination centers of
typej. By introducing an average capture cross secBove ~ With
havelL+g=nvSN, whereN denotes the total number of
recombination centers and the quantity 1/v4,SN corre-
sponds to an average recombination time. Following the ap-
proach in Ref. 12, we shall assume!=bnS, whereb ands

are parameters depending on the recombination process con- X
sidered. The exponestranges from 0 to 2, taking a value
approximately equal to: 0 for Shockley—Read—H&RH Equation(8) gives the relative power of current fluctuations
recombinations, 1 for band-to-band recombinations, and 2s the product of H/—which should be expected on the
for Auger recombinations. The parametevaries in a very  basis of a simplg—r noise process—times, . According to
wide range of value¥ However, it plays no role in our Eq. (9), the functiona, depends on the photogeneration
model, since the final expression for the relative currentevelL, on the main recombination proceékrough the pa-

noise in Eq.(8) will not depend onb. The total generation rameters), on temperature, and on the derivative of the in-
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terface potential barrietp with respect toL. It should be fying assumptions, the main features of the experimental
observed thaiy, =1 (simple g—r noise is obtained forL noise have been qualitatively accounted for. In the develop-
=0 (dark condition$ or for 9¢/dL=0 (absence of barrier ment of the theory the current—voltage characteristics of a
fluctuations. single Schottky barrier system has been used. The analysis

Let us now discuss the noise behavior given by @j.  has been performed within the thermionic emission model,
The relative noise powesJ)%/J?, evaluated using Eq8),  considering only majority carrier transport under the assump-
is plotted in Fig. 2. The values af¢/JL have been calcu- tion of a single recombination mechanism. We finally stress
lated on the basis of the theory developed in Refs. 11 and 12hat Egs.(6) and (8) are unchanged ifi) current-voltage
where also experimental results concerning the dependenédaracteristics of grain-boundary semiconductors (iby
of ¢ on L for silicon are reported. The thermal-generationcurrent—voltage characteristics based afift-diffusion
rate g has been taken equal to the minimum value of themodel are considered. This strongly supports the universality
photogeneration ratel(,,=10°° cm 3s™ 1), while its tem-  of the excess photocurrent noise behavior experimentally ob-
perature dependence has been obtained ugigew ;SN served and theoretically predicted by our noise model.
The theoretical curves in Fig. 2 reproduce with excellent
gualitative agreement the nonmonotonic behavior of the ex-
perimental noise. As shown in Fig(a}, the amount of noise | _ _ _ _
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