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Recombination properties of the photoinjected carriers in gold-doped n-type and p-type sili-
con have been investigated at T=300 °K using measurements of the steady-state photomagneto-

electric (PME) and photoconductive (PC) effects.

A theory for the PME and PC effects in

Au-doped silicon has been developed for the case of low injection and arbitrary trapping. The
theory was checked by calculating the electron- and hole-capture probabilities at the gold
acceptor and donor levels from the PME and PC measurements, using the ratios of the elec-
tron-hole capture rate given by Fairfield et al., and the results are found to be in good agree-
ment with those determined from other methods.

I. INTRODUCTION

In our recent study of the low-temperature
photomagnetoelectric (PME) and photoconductivity
(PC) effects in Au-doped silicon, !> we reported that
at very low temperatures (from 4.2 to 100 °K) a
nonlinear quadratic relationship was obtained be-
tween Ap and An (i.e., Ap=TAx?) at moderate in-
jection range as a result of the hole trapping at the
gold-acceptor levels. This results in a + power-
law relation between PME short-circuit current
and the PC (i.e., Ipyz <AG*/%). In this paper, we
report the results of room-temperature measure-
ments of the PME and PC effects in a relatively
thin Au-doped silicon (d~0.1 mm) sample. A
method of determining the recombination param-
eters such as electron and hole lifetimes, the elec-
tron- and hole-capture probabilities at the gold
levels using steady-state PME and PC effects is
demonstrated in the present paper. The results
are found to be in good agreement with the experi-
mental data available in the literature as deter-
mined from the Hall effect, PC decay, and photo-
voltaic effect experiments. 33

II. THEORY

The physical model used in developing the room-
temperature recombination theory and the PME
effect in Au-doped silicon is based on the following
assumptions and facts: (i) The samples were over-
compensated by gold impurity (i.e., N,,>Np or
N,,>N,), and thus in the exhaustion region,
Nyy>»>ny.  (ii) Small injection (an <n,, or
Ap < p,) and small magnetic field (uB<1) conditions
are assumed. (iii) The generation of electron-hole
pairs by incident photons is in the vicinity of the
illuminated surface (i.e , ad>> 1), where a is the
absorption coefficient and d is the sample thickness.
(iv) The surface recombination velocity s, on the
illuminated surface is much smaller than the dark

4

surface recombination velocity s, (i.e., Sy<<s,).

(v) One-dimensional analysis is valid (I > d) and the
end effect is ignored. The notations used above,
unless otherwise specified, have the conventional
meanings. '

A. Excess-Carrier Lifetimes and the Ratio
of Excess-Carrier Density

In order to interpret the steady-state PME and
PC effects in Au-doped silicon, it is necessary to
develop the expressions for the excess-carrier
lifetimes and the ratio of injected excess-carrier
density. In the case of gold-overcompensated
silicon, the Fermi level is locked near the center
of the forbidden gap, and the gold concentration and
the shallow donor (or acceptor) density will be much
larger than the thermal-equilibrium concentration
of the free carriers (i.e., N,,, Np>n,, p,or
Nyys Na>>ngy, po). The recombination and trapping
mechanism for such samples is that only one of the
two levels of the gold atoms in the band gap will be
effective in recombination process (i.e., acceptor
level for n-type material, and donor level for p-
type samples); the other level will act as a trapping
center for minority carriers.

The density of gold atoms with different charge
states can be expressed as follows:

(@) For n-type material,

Ngu = Nay = (Np = 1)
=Ny~ Np ()
is the density for neutral gold centers, and
NA.u: ND =Ny
=Np 2)

is the density for negatively charged gold-acceptor
centers.
(b) For p-type material,
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N2,=Nyy— (Ng— Do) =Ny, =Ny, 3)
and . @)

Niu=Na—DPo=Ny
is the density for positively charged gold-donor
centers. For small injectioncase (i.e., An<<NJ,,
Ap+Ap < Ni,, Nj, for n type; Ap<Nj,, An+An,
< N2, Ni, for p type), the variation of gold charge
states with injection can be ignored. Therefore,
the lifetimes of the injected carriers are indepen-
dent of the light intensity.

For n-type samples, the electron lifetime 7, (7,
is defined as the free time that an electron spends
in the conduction band before being captured by the
neutral gold-acceptor level) can be expressed by

T (5)
Cn Au C?.(NAu_ND)

where C‘ﬁ, is the rate of electron capture probabilities
(cm®sec-!) by the neutral gold-acceptor centers,

and N2, is substituted by (N,,- Np) using Eq. (1).
The hole lifetime 7, at the negatively charged gold-
acceptor centers can be expressed by

1 1
T C;Nzi, GC;Np’

T (6)
where C; represents the rate of hole-capture prob-
abilities by the negatively charged gold-acceptor
centers, and N, is substituted by N, using Eq.
().

Similarly, the electron and hole lifetimes at the
gold-donor level 7, and 7, in p-type samples can be
defined by

1 1
™= CiNg - CiN, @
and
1 1
TP— C(’?NAOu h Cg(NAu_NA) ’ (8)

where C;, and cg represent the capture probabilities
for electrons and holes at the positively charged
and neutral gold-donor levels, respectively. The
N/, is substituted by N, using Eq. (4), and N7, is
substituted by (N,,- N,) using Eq. (3).

The reason that the minority-carrier trapping
at the gold centers does not influence the steady-
state excess-carrier lifetime is quite obvious for
small injection cases. To be more specific, let us
consider only the case of n-type gold-doped silicon:
The gold-acceptor levels will act as recombination
centers, while the gold-donor levels will act as
hole-trap centers. The condition for a trap level is
that the recombination rate at this level is negligible
(compared to the recombination rate at the gold-
acceptor levels). This means that the probabilities
of electrons being captured by the gold-donor levels
can be neglected. Therefore, we can set the elec-
tron recombination rate at the gold-donor levels to
be zero, i.e.,
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U,,=0, )

whereas for small injection the hole recombination
rate at the gold-donor levels U, can be expressed
by ©

U!P= cg(NAouAp- pltANXu) ) (10)

where p,; denotes the hole concentration in the va-
lence band when the donor level coincides with

the Fermi level, and AN}, is the excess density of
gold-donor levels being filled by the captured holes.
For steady state, U,,=U,,=0, since the capture of
holes is exactly balanced by their emission. The
steady-state electron and hole lifetimes 7, and 7,
are given by

An An
Tﬂ: (UC"+ Utn) h UCH ’ (11)
Ap Ap (12)

Ty= ——— = =,
PT (Ugp+ Cyp) ~ Uy

From Eqgs. (11) and (12) we know that the steady-
state excess-carrier lifetimes are only controlled
by the recombination centers (i.e., the gold-ac-
ceptor levels). The only effect of these trap cen-
ters is their influence on the ac response times of
the PME voltage, which will not be discussed in
the present paper.

The rates of recombination of electrons and holes
through recombination centers are equal in the
steady-state case®

Uen= (13)

=Uc#=

—||13>

Ap
==

n 4

If we define I" as the ratio of excess electron and
hole density, then from Eqs. (5)-(8) and (13) we
find that

(@) For n-type material

CiNp _ Np y

s CalNay=Np)  (Np,=Np) V%7
(14)

where 7, ,,= C;/C?) is the ratio of hole- and electron-
capture probabilities at gold-acceptor levels.
(b) For p-type material,

P Ty CHNG N (NN,
T, -1/2 »

p CaN, N,

(15)

where v_,,=C3/C} is the ratio of hole- and elec-
tron-capture probabilities at gold-donor levels.
From Egs. (5)-(8) and (14)-(15), it is noted that
one can easily control the lifetimes of excess car-
riers and the ratio of excess-carrier density simply
by controlling the compensation ratio of N,, and
Np, for n-type samples, and N,, and N, for p-type
cases.



B. PME and PC Effects

The results of Sec. IIA yield the relationship
between the injected excess-carrier density for Au-
doped silicon under small injection conditions. In
this section, the results of Sec. IIA will be used in
the derivation of the PME effect for Au-doped sili-
con. The electron- and hole-current density equa-
tions are given by?

Iny = GUNEL— unBJny ’ (16)
Jpxz Clllp psx+ IJ'p Bpr ’ (17)
dAn
Ty = Qinn€y+ aDn =0 (18)
da
Jpy = qMp PEy = gD, 72 ) (19)
y
Jny + pr = 0 ’ (20)
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and the relation between An and Ap is given by
Eqgs. (14) and (15).

The continuity equation for electrons in the y
direction (i.e., the direction of illumination) is
given by

ld

EE;J,,—U,:":O. (21)

The boundary conditions at the illuminated and
the dark surfaces of the sample are

[SO aAn— (l/q) Jny]y-o = Q ) (22)

[Sqan+ (1/q)Iplyag=0, (23)
where @ is the photon flux density. Solving Egs.
(16)-(20) and with I'= An/Ap, we obtain the electron
current density in the y direction
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where L*=(D*7,)!/? is the effective diffusion length.
« dAn The PME open-circuit voltage per unit length
=ab dy ’ (24) Voue €an be obtained from the relation®
where
\% =1 G. 27
D*_ D (n F-l+p ) PME PME/ ( )
T (ngb+py) Substituting (25) into (27) we obtain
is the effective diffusion constant. Voue = qB(1+ b) by D*Any /G , (28)

The PME short-circuit current per unit width
(by setting €,=0) is given by

Ipye = fod (J",+J,,)dy=—B(1+b)pp fod Iy Ay

or (25)
Ioye = ¢B(1 + b) i, D*An,

where An, is the excess-carrier density at the il-
luminated surface. An, can be related to the in-
cident photon flux density @ by solving the continuity
equation (21) and using the boundary condition at
y=0. The result yields An=Anye™’*™ and

where G=Gy+ AG, and G, is the dark conductance
per unit width to length ratio. AG represents the
photoconductance per unit width to length ratio
which can be derived from

AG=qu,(b+T) [* Andy . (29)

Substituting An = Ange™/% ™ into Eq. (29) and using
the boundary conditions that An=An, at y=0 and
An=0 at y=d in Eq. (29), we obtain

AG=q(b+ Ty, L*An (30)
P 0
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The PME open-circuit voltage Vpyz can now be
expressed as a function of AG simply by eliminating
Any from Eqgs. (28) and (30). The result is

0.

7
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FIG. 3. Vpyg vs [ for two different
magnetic flux densities B and photon wave-
length A (for n-type sample), T=300°K.
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FIG. 4. Variation of the PC AG/G, as
a function of light intensity Iy at T=300°K
(for n-type sample).
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Equation (31) predicts that for the small injection
case (i.e., AG< G,), the PME open-circuit voltage
Vpue Should vary linearly with magnetic flux den-
sity B and the photoconductance AG (or light in-
tensity).

Note that Eq. (31) provides a direct means for
determining the electron and hole lifetimes as well
as the capture probabilities from the concurrent
measurements of the steady-state PME and PC ef-
fects as long as values of I" are known. Equation
(31) applies equally well for both p- and n-type
samples. For n-type samples, I is determined
from Eq. (14) and for p-type samples, I is deter-
mined by Eq. (15).

III. RESULTS AND ANALYSIS

An n-type silicon slice of 0.25-mm thickness,
with phosphorus concentration Np=10'® cm™3, and
a p-type silicon bar of 2-mm thickness with boron
concentration N, =10 cm®, were used for gold

diffusion. The wafers were treated by using ultra-
sonic cleaning in trichloroethylene (TCE) and
rinsing in hydrofluoric acid (HF) followed by a
thorough rinse in cold deionized water, before gold
plating. Gold plating was achieved by immersing
the samples in AuCl; solution for about 24 h. The
plating solution was prepared, as reported by
Wilcox et al.," by dissolving approximately 0.1 g
AuCl, in 1 liter 0.1M HC1+0.5M HF solution. After
gold plating, the wafers were placed in the furnace
in an argon atmosphere for diffusion. The diffusion
time was set for 24 h, and the diffusion tempera-
ture was 1200 °C. To prevent the gold atoms from
precipitating, the wafers were quenched to room
temperature after removing from the furnace. The
samples were lapped and etched to a suitable size
for electrical as well as photoelectric measure-
ments. The final resistivity for the n-type sample
was 4.2X10° Q cm and for the p-type sample it was
1.9x10° © cm. To estimate the gold concentration
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FIG. 6. Variation of the
PME open-circuit voltage as a
function of AG/G,, for various
magnetic flux densities B for
p-type sample, with Np, =10
em™3, Np=10%cm™, T=300°K.

from the resistivity and diffusion data, we used
the theoretical curves calculated by Boltak et al.,®
and the experimental data provided by Wilcox
et al.” The estimated gold concentration for the
n-type sample was found about 5%10'® cm-® and
10'® ¢cm™® for the p-type sample. These measured
gold concentrations are lower than the theoretical
solid solubility of gold (~8 x10'® cm™® at 1200 °C)
calculated by Wackwitz? from the data of Struthers!?
and Collins.! However, the experimental results
reported recently by Bullis and Strieter® and by
Struthers!® also indicate that the measured gold
concentration is lower than the theoretical value.
Note that the difference in gold concentration for
both n-type and p-type samples for the present case
may be due to the fact that our n-type sample was
much thinner than that of the p-type sample during
gold diffusion, which may have resulted in a higher
gold concentration for the former. 2

The sample dimensions for » type are 7 X5 X0. 1
mm? and 7 X5 X0. 2 mm? for the p-type sample. In
order to satisfy the assumption (4) made in Sec. II,
the front surface of the sample was chemically

AG/G0

etched and the dark surface was sand blasted. The
experimental setup and the measuring technique is
identical to our previous report. !?

The results of the PME and PC measurements
are shown in Figs. 1-6. Figures 1-5 are the re-
sults for the n-type sample, and Fig. 6 is for the
p-type sample. Similar dependence of Vpyz on B,
I, and AG on I, is observed for p-type samples
and only Vo vs AG/G, is shown in Fig. 6 for the
purpose of evaluation of carrier lifetimes.

Figure 1 shows the variation of Vpyuz vs B with
light intensity I, as parameter. The results indicate
that Vpyg is directly proportional to B for various
illumination intensities, which is in accord with the
prediction of Eq. (31). Figure 2 shows the varia-
tion of Vpyug as a function of light intensity with
magnetic field B as parameter. The resultsindicate
that at low illumination intensity a linear relation
between Vpyug and I, is obtained for various mag-
netic field strengths, and a sublinear region is ob-
served for large illumination intensity. Figure 3
shows a linear relationship between Vg and I,
observed for two different wavelengths and magnetic
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TABLE I. Recombination parameters in Au-doped
silicon at 300 °K.

Fairfield
Bemski et al.

Sample (Ref. 4) (Ref. 3)  This paper

n type
Nay=5%10%  Cl(cm’sec™ 5 %107  1,7x10"* 1.8x107°
and C; (em®sec™d 1 x10-%  1.1x10°" 1.3x107"
Np=10"%cm™ 7, (sec) ce cee 1.3x107°
7, (sec) 7.8%10710
L* (cm) 1.0x10"!

b type
Npy = 101 Chem®sec™ 3.5%x10°%  6.3x107%  3.6x1078
and Cpem®sec™) =107? 2.4x10°%  1.4%107*
Ny=10"em™  1,(sec) 2.7%10°7
7, (sec) 7.3%1077
L* (cm) 22, 1x107*

field strengths. The light intensity is rather weak

when the monochromator is used for measurements.

This can be seen by comparison between Fig. 2
(white light) and Fig. 3 (monochromatic light).
Figure 4 demonstrates the linear relationship be-
tween AG/G, vs I, which is again in accord with the
prediction given by Eq. (30).

In order to compare the results with theoretical
prediction of Eq. (31), we plot Vpyg VS AG/G,
from Figs. 2 and 4. The results are shown in Fig.
5. Figure 5 demonstrates the variation of Vpyug as
a function of AG/G, with B as a parameter for the
n-type sample. The results indicate that for
AG/GO <0.2 a linear relationshipbetween Vpyy vs
AG/G, is obtained, as is predicted by Eq. (31).
For AG/G,>0.2, deviation from linearity was ob-
served. The Vg should become independent of
AG/G, at very high injection levels.!* For the p-
type sample, Vpyg VS AG/G, is shown in Fig. 6.
One can again see that the linearity between Vpyg
vs AG/G, is obtained for AG/G,%0.12.

In order to calculate the electron and hole life-
times and the carrier capture probabilities at the
gold levels, it is necessary to know the electron-
and hole-capture rate ratios, ¥, ,, and v_;,,, at
gold-acceptor and -donor levels, respectively.
Using the data given by Fairfield and Gokehale® for
gold-doped silicon, it is found that

Y1,2=C;/C3=10, v_,,,=C3/C;=0.38 .

Substituting the above values into Eqs. (14) and
(15), one finds

I'=17.5 for n-type sample

and

I'=38 for p-type sample.

Using the above data and assuming b= 2 (the elec-
tron-hole mobility ratio), the electron lifetime is
then computed from Eq. (31) and from the data in
the linear region of Figs. 5 or 6. The result yields
7, =1.3%X10"® sec for the n-type sample. The elec-
tron diffusion constant D, for n-type sample used
in the above calculation is 24.9 cm?/sec and the
hole-diffusion constant D, for p-type sample is

8.8 cmz/sec. These two constants are determined
from the Hall-effect measurement (we have found
U= 960 cm?/V sec for n-type sample and u, =340
cm?/V sec for p-type sample) and by using the
Einstein relation D, ,= u, (kT /q). In determining
the scattering factor in the Hall coefficient, we
have assumed that the LA mode lattice scattering
is dominant (i.e., »=1.18) and the scattering due
to the gold impurity is negligible at room tempera-
ture. Other parameters such as 7,, L*, CJ, C;,
C:;, and CY are calculated subsequently by using
Egs. (5)-(8), (14), and (15). For comparison, the
results are summarized in Table I, along with
some available data in the literature.

IV. CONCLUSIONS

The PME and PC effects in gold-doped silicon
have been studied at 7=300°K. A linear relation-
ship between PME open-circuit voltage vs magnetic
field intensity, PC, and light intensity has been ob-
tained in both n- and p-type samples under small
injection conditions, which is in accord with the
theoretical predictions of Eq. (31). This result
indicates that the recombination and trapping mech-
anisms at room temperatures are quite different
from those observed at low temperatures, as re-
ported previously. !'2

A simple recombination model has been proposed
to interpret the observed PME and PC effects in
gold-doped silicon at room temperatures. The
electron- and hole-capture probabilities at the gold-
acceptor and -donor levels have been deduced from
the PME and PC measurements, using the ratios
of the electron-hole capture rate given by Fairfield
et al.,® and the results are found in good agree-
ment with those determined from other methods.
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The reduction in the thermal conductivity of Te-doped GaSb samples at temperatures below
the maximum conductivity temperature is explained in detail by considering the scattering of

phonons by conduction electrons.

The Ziman model has been used to fit the phonon-conduc-

tivity results on Te-doped GaSb samples with excess donor-electron concentrations in the
range 1.6—1.8%10'" cm™, where the impurity levels merge with the conduction band. At low
concentrations of the order 1.6 x10!" cm™3 the phonons are scattered by electrons in the (000)
minima band and at concentrations exceeding 1 %x10'% em=® the phonons are scattered by
electrons in the (111) minima band. At intermediate concentrations phonons are scattered

by electrons in both the bands.

I. INTRODUCTION

Recently, Poujade and Albany' studied the role
of electron-phonon scattering in the phonon con-
ductivity of Te-doped GaSb at low temperatures in
the range 5-100 °K. It was reported that at tem-
peratures below the conductivity maximum at about
20 °K, the addition of donor impurities drastically
reduces the thermal conductivity. Further, the
increase in the thermal resistivity was directly
proportional to the donor-electron concentration.
The change in the conductivity due to doping was
attributed to electron-phonon scattering. Poujade
and Albany' explored several possibilities in ex-
plaining the electron-phonon interaction, but did
not give any quantitative explanation of their re-
sults below the conductivity maximum, where
electron-phonon scattering makes a major contri-
bution towards thermal resistance.

There are two types of electron-phonon interac-
tion in doped semiconductors at low temperatures
depending upon the state of electrons. One inter-
action is important for electrons which are in
semi-isolated impurity states which are found when
the carrier concentrations are less than 107 cm-3.
The other is important when the electrons are in
the well-defined impurity band which occurs at
higher concentrations. In materials with sufficient-

ly high donor-electron concentration the impurity
levels merge with the conduction band. The con-
duction electrons for such materials form a de-
generate assemblage. Ziman? calculated the cross
section for the scattering of phonons by electrons
in a conduction band. The cross section depends
upon the number of occupied donor electrons. He
gave an expression for the relaxation rate of the
electron-phonon scattering to satisfy the require-
ments that energy and momentum are conserved

in the phonon-electron scattering. It is shown in
the present work that quantitative explanation of
the decrease in the values of phonon conductivity
with doping, as well as its temperature dependence,
can be obtained on the basis of Ziman’s scattering
for all the samples of Te-doped GaSb with donor-
electron concentrations greater than 10'? cm-3.
One of the interesting conclusions of the present
work is that at low donor-electron concentration

of the order 1.6x10'" cm=? the phonons are scat-
tered by electrons in the (000) minima band. At
concentrations exceeding 1x10'® cm™3, the phonons
are scattered by electrons in the (111) minima
band. At intermediate concentrations phonons

are scattered by the electrons in both the bands,
and one can predict, from the study of the density-
of-states effective mass, the number of electrons
in (000) and (111 ) minima bands.



