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Saturation of the internal photoemission effect in forward biased silicon junctions
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The behavior of the far-infrared laser-induced negative photoeffect in silicon homojunctions as a function of
irradiation intensities is reported. A rate equation model treating this effect as a laser-heated hot-carrier internal
photoemission is presented. The model predictions are compared to experimental results measured at 80 K,
showing good agreemen$S0163-182806)01632-3

[. INTRODUCTION mode(TEM g CO, laser was used to excite the photoeffect
in the junction. An electro-optic pulse-shaping system al-
It is known that semiconductor junctions irradiated bylowed us to obtain a 30-ns-wide optical pulse from the nor-
pulsed CQ lasers §~10.6 um) produce voltages that are mally several microseconds wide laser pulse, and a beam
opposite in sigrinegative to the normalpositive) photovol-  integrator was used to get a more homogeneous transverse
taic effect!=3 In previous paper® we report evidence of profile.
two independent contributions to the induced negative pho- Samples of the excitation pulse were taken by a f&asts
tovoltages. The first contribution is intrinsically bias inde- rise time Hg,Cd,_,Te photodetector operated at 80 K. A
pendent and its origin lies in a modification in the transporttwo-channel fast digitizef2-G sample per secop@vas used
parameters of hot carriers with respect to their room-o simultaneously record the input and output pulses, both in
temperature values. The second contribution is caused by thbe electrical measurements as well as in the optical excita-
internal photoemission of hot carriers that are directly photion. All circuit elements were connected with SDimped-
toexcited by the laser light above the junction barrier. As theance coaxial cables.
barrier height is lowered by forward bias, this internal pho- A Si photodiode with P/N structure and P doping of
toemission becomes strongly bias dependent. In this papesbout 2< 10'® cm™3, the Siemens BPW21, was used to in-
we will refer to this second contribution as the internal pho-duce the negative photoeffect. The junction was placed in-
toemission effect or IPE. We reported the bias dependence aide a Dewar cryostat at either room or liquid-fempera-
the IPE(Ref. 4 using moderate intensity laser light. At low ture. A set of Cak absorbers was used to control the
irradiances the induced photovoltage is almost linear withexcitation light intensity. To avoid progressive heating in the
the light intensity and shows no saturation. The theoreticajunction, all measurements were carried out in a single pulse
treatment of this effect considered only the absorption oimode.
laser light and neglected stimulated emission and excited-
state population$.It is thought, however, that larger light
intensities could possibly produce a saturation of the intra-
band transition. Due to the rapid spontaneous emission of The measurements of the negative photoeffect taken at a
optical phonons, the hot-carrier plasma would not be able tgattice temperature of | =80 K as a function of the light
overcome the Debye temperature, thus producing a saturintensity are shown in Fig. (&), that is, the raw measure-
tion behavior in the generated photovoltage. ments taken at 1.00-V and zero bias. The zero-bias plot pro-
In the present work, we study the dependence of the IPkides the behavior of the bias-independent negative effect.
on the laser-light intensity. The effects of stimulated emis-This plot is then extrapolated to a 1.00-V bias using the
sion and the saturation of carrier temperature have been ipreviously measured electrical characteristic of the junction,
cluded in our theoretical model. and the extrapolated values are subtracted from the raw mea-
surements taken at 1.00-V bias, thus the intensity depen-
dence of the IPE is determined. The extrapolated values and
the resulting IPE are plotted in Fig(d). As was expected,
As in our previous papétin order to separate the two the internal photoemission is saturated at high intensities.
contributions to the negative photovoltage, we have used the
transr_nission of electrical pulse_s across the junction. These IV. THEORETICAL MODEL
electrical pulses were synthesized with a pulse generator
having the same temporal profile as the laser-pulse shape. A plasma of hot carriers at a local thermal equilibrium
This synthesizer was capacitively coupled to the biased jundemperaturel ., which is higher than the lattice temperature
tion in order to isolate the bias potential. A single transversel, , is produced by rapid-heating induced by the laser

Ill. EXPERIMENTAL RESULTS

Il. EXPERIMENTAL SETUP
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FIG. 1. Absolute value of negative effects as a function of irradiation intensitidg 380 K (a) measured at two bias voltage®) a
forward bias of 1.00 V and[{l) zero bias(b) For a forward bias of 1.00 V:®) the measurements of the induced photovoltageluding
both effects, (X) the calculated majority-carrier effect, an@l) the IPE resulting from the subtraction of the other two data <ejs.
Theoretical fit to the IPE shown itb) () by Eq.(19); the fit parameters arg=80 kW cm™2, C=1.44, and s=5.8 kW cm 2,

light.*® This heating enhances the population of carriers near

the top of the junction barrier that can be directly photoex-

cited to levels above the barrier.
Assuming a nondegenerate carrier plasma, the density @nd

b(VB):

a(Vo—Vs)
KT,

()

carriers on the fringe, with an energy level that is below the
barrier, but enough to be photoexcited above the barrier, is

given by [see Fig. 2a)]

L, 2mmiKT, 3’29)( _ E.—E¢
- h? KT, |-

2 fb(vs) 124 xg 2 ( {3 b(Va)
Nig=N— x“e "dx=n— =, @
10 \/; a(Vg) \/; Y 2 B ELM (b)
E.  conduction band oV V) N2,
3 a(v )H 1) E— v Ih\)
- 7 _l L —
2 ® —/WE" \L] PN A—
valence band p-doped
where noped
q(Vo—Vg)—hv . . .
I e — if q(Vo—Vg)>hv FIG. 2. () Diagram of internal photoemission scheri®. Non-
a(Vg)= ¢ 2 degenerate plasma statistics allows the grouping the carriers in two

0

if q(Vo—Vg)=<hvy,

discrete levels.
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Here, m} represents the electronic effective maKg, and hy
E., respectively, the pseudo-Fermi level of hot-carrier ls= (13

3
E!

3d
75!

a

plasma and the conduction-band energyis the electronic 207
charge, and/g andV, are, respectively, the bias and transi- From Eq.(1) and Eq.(5), we have
tion voltage of the junction. The coefficient[Eq. (4)] can
be identified as the total density of carriers in the band andn,—n,, n 3 3
v(a,X) is the incomplete gamma function. > \/—— V(E,b) 4 +y E’C) .
Those directly excited carriers, that already have an en- ™ 14
ergy level greater than the barrier, have a density of carriers (14
given by wherea, b, ¢, andd are given by Egqs(2), (3), (6), and(7),
) ) 3 respectively, and are all functions ¥f; and of the carrier
_ dVe) 1p temperatureT.. Previously a relationship betweén, and
nzo—n—f xe dx—n—( 7{5’d(v5) the laser intensity was derived assuming an equilibrium be-
tween radiation absorption and acoustic-phonon emigsion,

VarJevg) NE

3
TC=TL(1+ e (15
where 0
However, due to the rapid spontaneous optical-phonon emis-
a(Vo—Va) (Ve Vo) h sion process, the carrier temperatiligeshould not be higher
KT, i q(Vo=Ve)=hv than the Debye temperatufig, . Thus, to produce a “soft”
c(Vp)= h (6)  saturation ofT; towardsTp, at high light intensities, we have
KT, if q(Vo—Vg)<hv, modified Eq.(15) to the form
I
a(Vo—Vp) +hv (1+|_
- - 0
d(Vg) KT, . (7) T=T, T (16)
. - +——
Since the plasma statistics have been assumed to be nonde- (1 Tp Io)

generate, we may group the carriers lying in both fringes in ) ) )
two discrete levels separated by the enengyof the laser USing Egs.(14) and(16) in Eq. (12), we obtainAn,, which
photons[Fig. 2(b)]. is the part of the carrier population that has been removed

The rate equation for the population of the higher level isfrom the local thermal equilibrium due to direct excitation by
laser radiation. This excess of excited carriers above the

dn, o 1 junction barrier produces a diffusion open-circuit potential in
T _(nZ_nl)h_VIi_ ;(nz—nzo), (8)  the junction, which using the Einstein relationship,
D/u=KT./q, (whereD is the diffusion coefficient ang.
where the carrier mobility is given by
li=(1-R)I, 9 KT: An
i ( ) ( ) AV= qc TZ (17)

wherel is the intensity of the laser lighR the reflection
coefficient, 7 the decay time between the two levels, and  sing Egs.(12) and Eq.(14), Eq. (17) becomes
the radiative cross section for stimulated processes. iff

short (=10 ° s) as compared with the typical evolution time KT 3 3 3
of laser light (30<10™° s), we may use the adiabatic ap- AV= c {7<_,b) ) —7(_,d)
proximation: Q\/; 2 2 2
o 1 3 li
(N2~ N1 = (N9 =0, (10 N2 e 18
14 T
and It is very interesting to note here that the generated potential
is not explicitly dependent on the carrier densitycontrary
AN,=n,—Nyy~—(N;—Nyg). (11)  to what could be normally expected.
In a junction, there are two kinds of carriers with similar
Substituting Eq(11) in Eq. (10), we have transport properties and, the generated potential will be the
summation of both contributions, each one given by Eg.
An :(nlo— N20) i (12) (18). If both of the contributions are independent, then there
2 2 hy are too many independent parameters to fit. Thus, we make
i+ 207 the assumption that the ratio of the contribution from each

carrier type will remain the same, and this is accounted for
here, the saturation intensity is given by by including a proportionality consta@ in Eq. (18).
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KT 3 3 3 that o, the radiative cross section, is only slightly dependent
AVzC—C{ y(—,b) —v| z,a]— y(—,d) on the temperaturéthe main temperature dependencd jn
gyl "\ 2 2 2 comes fromu, the carrier mobility. In silicon, the mobility is

I generally proportional t& ~' with i=2.5 for electrons and
i 19 =27 holes’ The value forl, at T, =80 K is thus,

+ .
Y li+1g

3
2’0) 80 2.6 2

This constan€ will also be reduced because the experimen- 1o(TL=80 K)=1o(TL =300 K)(z00)""=87 kW cm,

tal measurements were taken on a closed circuit and not on good agreement with the range of goods fits

an open circuit system. lo=(70-100 kw cm™2, [The fitted value wasl,=80

We then fit our theoretical model to our experimental datekW cm™? in Fig. 1(c).]

using Egs.(16) and (19). In the fit, we used the values  With the fitted value of s=5.8 kW cm™? and the optical

g=e=1.602x10"2°C, R=0.2, V,=1.10 V (transition po- cross-section valfer~2.7x 10" ¢ cm?, the relaxation time

tential at 80 K in our photodiodeh»=0.118 eV f=10.6  from Eq.(13) is then7=6x 10" s, which is a reasonable

um), and Tp=625 K (Debye temperature for siliconwe  value at 80 K. The fitted value & = 1.44, after compensat-

usedl,, I, andC as the fitting parameters. The fitted ex- ing for the 50€) input impedance of the transient digitizer, is

perimental data were taken as bMg=1.0 V. Reasonable e€quivalent toC~2 measured in an open circuit. This would

fits were obtained with the fitting parameters inside the indindicate electron and hole contributions that are almost

tervals |,=[70—100] kWcm 2, C=[1.43-15], and equal

ls=[5—11] kW cm 2. Whenl is below 5 kW cm 2, it In conclusion, we have measured the radiation intensity

has no effect on the fit result, indicating that the saturatiorflependence of the laser-induced negative potential in Si ho-

due to the Debye temperature limitations is more importantnojunctions. We have separated this effect in two different

than the saturation due to the population equilibrium be<contributions, a bias independent effect and the strongly
tween the two levels Ig). The case corresponding to bias-dependent IPE. The experimental measurement of the

1,=80 kW cm 2, C=1.44, and s=5.8 kW cm™2 is shown |PE exhibited a strong saturation with radiation intensity. We

in Fig. 1(c). advanced a theoretical model of this IPE. Interestingly, the
model indicates no explicit dependence of the IPE on the
V. DISCUSSION AND CONCLUSIONS doping in either side of the junction. The model shows good

agreement with the experimental results and is capable of
The values for the parameters produced by fitting oumproducing quantitative predictions.
theoretical and the experimental results are reasonable physi-

cally. The parametel, is given by This work has been partially supported by the
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