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Photomagnetoelectric (PME) and photoconductive (PC) efFects in As-doped Si (Eq=1.4)&10"cm ')
have been investigated as functions of temperature (7.9'K—27 K), photoinjection, and magnetic-field
strength {0—8000 G). The high-injection electron lifetime (r 0), ambipolar diffusion length, ambipolar
difFusivity, and efFective carrier mobility are deduced from the experimental data on the PME open-circuit
voltage, photoconductance, and the Hall coefficient. The Shockley-Read model is used to interpret the
recombination and trapping mechanism involved. It is found that the defect density in this sample is ap-
proximately equal to 5.6&(10"cm ', and the defect level is believed to be acceptor-type and located in the
lower half of the band gap. The electron-capture cross section is found equal to 6.5)&10 "cm ' at 20'K
and 2.18)&10 ' cm at 24'K. The experimental results for VpMF. , Is, and G versus magnetic Geld are found
in good agreement with theory for T&~ 20 K and for the high-injection region. Deviations of the results
from theory at high magnetic Gelds are observed for T ~& 14'K and for the moderate-injection region.

INTRODUCTION

IXiCE the discovery of the photomagnetoelectric

~ ~

~

(PME) eGect in Cu20 by Kikoin, Noskov, and
Croetzinger' ' studies of the PME eRect have been made
for Bi, Te, InSb, PhS, Ge, and Si.' ' The most compre-
hensive theory of the general PME eRect at low mag-
netic fields is from to Van Roosbroeck. "

Bulliard" initially verified the existence of the PME
effect in Si. Garreta and Grosvalet" calculated minority-
carrier lifetimes for two samples of Si at 300'K. Mette
and Boatwright" utilized the PME eRect to investigate
surface recombination speeds in thin p-ty~e Si of 2000
cm, also at 300'K. Barker" has commented on the
results of Mette and Boatwright and postulated a
simple photodissociation model to account for the sub-
linear response of the PME-voltage-versus-illumination
intensity.

In our recent paper"" we have reported the measure-
ments of the PME and PC eRects in phosphorus-doped
Si containing a donor concentration of 1.13&(10' cm '
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at T=21.8'K. The results indicated that concurrent
measurements of the PME, PC and Hall eRects in a
silicon sample at low temperatures may yield the re-
combination and transport parameters such as carrier
lifetime, ambipolar diRusion length, and eRective
carrier mobility. Since at low temperature the PME
and PC responses in silicon are relatively sensitive to
the temperature, a study of the temperature dependence
of the PME and PC responses in silicon may yield
some conclusive results regarding the recombination
and the transport properties in silicon at low tempera-
tures. The main objective of this paper will therefore
be concerned with the eRects of the temperature, photo-
injection, and magnetic field on the PME open-circuit
voltage, PME short-circuit current, and the photo-
conductance for the arsenic-doped silicon, between 7.9
and 27'K. Of particular interest in this work is the
study of the PME apparent lifetimes as functions of
photoinjection and temperature. The Shockley-Read
(SR) model" is used to interpret the recombination
and trapping effects in this sample. Conclusions are
reached from the PME and the PC measurements on
As-doped Si. The results for the PME and PC responses
versus magnetic field are in accord with theoretical pre-
dictions for T&20 K and for the high-injection region.
However, deviations of these results from theory are
observed for 14')T)7.9'K and for the moderate-
injection region, particularly at high magnetic fields.
This has been interpreted as a result of the increase in
carrier lifetimes with decreasing photoinjection. The
electron-capture cross section is deduced from PME
apparent lifetime, using the SR model.

THEORY

A general treatment of the steady-state PME and PC
theory under the conditions of high photoinjection (i.e.,
An= Ap))no) and arbitrary magnetic field strength has
l&een developed in our previous paper"' and will not be

'6 W. Shockley and W. T. Read, Phys. kev. 87, 835 (1952).
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TABLE I. Recombination and transport parameters for As-doped silicon.

Temperature 300'K 27'K 24'K 20.4'K 11'K 7.9'K

Electron density
no (cm ')

Hall mobility
@II (cm'jV sec)

Ambipolar diRusivitx
I) (cm'/sec)

Ambipolar diffusion length
L {'cm)

High-injection electron lifetime
r 0 (@sec)

Electron-capture cross section
0 „(CQ12)

1.4 X10" 2.63X10"

0.12X 10' 2.37 X10'

21 3i

58 X1010

2.4 X104

33.4

8.8 X1o'

2.6 X104

30.6

5.1 X109

2.39X104

15

4.2 X10'

2.43 X104

2.28X10 ' 1.73X10 '

8.54 6.21 0.71

2.18X10-1' 6.5 X10-1'

1.45X10 ' 0.95X10 ' 0.17X10 '

repeated here. Only those expressions which are per-
tinent to the present case will be presented here.

Theoretical expressions for PME open-circuit voltage,
PME short-circuit current, and the photoconductance
given below are obtained under the assumptions that
(1) &+= &P»no, (2) d&41., and (3) s~&&s~. Assumption

(1) is found satisfied in regions I and II, as will be
shown later; assumptions (2) snd (3) are satisfied for
the present sample.

The PME open. -circuit voltage per unit length VpME
is given by":

which shows that I, may be obtained from VpME

and G.

SAMPLE PREPARATION AND MEASUREMENT
TECHNIQUE

An arsenic-doped (1.4X10'"-cm ') silicon wafer was

cut into a rectangular slab with a diamond saw. The
dimensions of the slab are 0.1&(0.4)& 1 cm. The surfaces
were first lapped with 600- and 1000-grit abrasive
powders to remove sa,w marks.

The sample was then prepa, red for the electrodeless
plating of nickel to provide low-resistivity Ohmic con-
tacts. The portion of the slab to be illuminated was
etched with CI'4 to provide low surface-recombination
speed, and the dark side of the slab was sandblasted
to achieve high surface-recombination speed.

Following etching, the electric wires and the thermo-
couples were soldered to the sample, and the sample
was then attached to the "cryotip" of the AC-3I. re-
frigeration system. The sample chamber was then
evacuated down to 10 ~10 ' Torr by mechanical and
diffusion pumps to prevent deterioration of the etched
surface.

In order to obtain strong illumination intensity, a
650-% tungsten lamp incorporated with two focusing
lenses and a 15-cm water filter were employed. It was
found that the long-wavelength photons (X) 1.1 p) and
the thermoelectric effect were effectively removed by
the water filter.

A calibrated gold-iron-copper thermocouple wire was
used to monitor the temperatures below 100'K. A 6-in.
Varian electromagnet with field-sweep units was used
to achieve the required field intensity.

The PME open-circuit voltage was measured as a
function of the magnetic field, using an X-Y recorder.
A constant current source was employed for photo-
conductance and Hall-effect measurements. Precautions
were taken to minimize the possible experimental errors.

D"- 8
t'p~rE =

(]+ 2B2)1/2

where p= (p„p„)"-", and D is the ambipolar diffusion
constant. Equation (1) predicts that VpM@ is directly
proportional to h at low fields and reaches a constant
value at high magnetic fields. If the carrier lifetime 7.

is constant, then VpME will be independent of the
illumination intensity (or photoinjection).

The photoconductance per unit width G as a func-
tion of the magnetic field is given by the expression

eIo(1+b) ~ (D )"'
G=

Qb sg (1+p'8')""-
(2)

Equation (2) predicts that G is insensitive to 8 at low
fields and is inversely proportional to h for p,B&1.
It further shows that G is also a function of illumina-
tion intensity Io, carrier lifetime 7, and the surface
velocity si.

The PME short-circuit current per unit width, I,,
can be derived independently or obtained from the
products of Eqs. (1) and (2). The result reads

e(1+b)I0 pB D
I,=

Qb (I+@'8') sg
(3)

Equation (3) predicts that I, is directly proportional to
8 at low helds; it passes the maximum at IJ,B 1 and
then decreases with 8 for IJ,B&1.

By comparison of Eqs. (1)—(3), one obtains the
expression

RESULTS AND ANALYSIS

Experimental results of the PME and PC responses,
(4) electrical resistivity and Hall coeflicient measured at
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FIG. 1. PME open-circuit voltage VPME versus magnetic Geld 8 with relative photoconductance G/G0 as parameter
for 7=20.4 K. Curve 1 denotes G/G0= 2070; 2, 1865; 3, 1560; 4, 1340; 5, 1130;6, 860; 7, 420; 8, 138.
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FIG. 2. PME open-circuit voltage VFMF versus magnetic held
8 with relative photoconductance G/G0 as parameter for T= 11'K.
Curve 1 denotes G/G0= 316; 2, 280; 3, 244; 4, 213; S, 184; 6, 1S8;
7, 130p 8, 106. VPME= (D/t) i 8 (6)

7.9, 11, 14, 20.4, 24, and 27'K. are presented and
analyzed in detail. For comparison, the transport and
recombination parameters deduced from these measure-
ments are summarized in Table I.The equilibrium elec-
tron concentrations determined from the Hall coefficient
below 20'K are higher than theoretical predictions, due
to background radiation. The Hall mobility determined
from the HalL and resistivity measurements is found
insensitive to the temperature between 7.9 and 27'K,
which implies that the acoustic lattice and the im-
purity scattering may play the same important role
over this temperature range. The ambipolar diGusivity
is deduced from the Hall mobility, using the Einstein re-
lation and assuming an electron-hole mobility ratio of 2.

The average photoinjected excess carrier density,
5e, is calculated from the measured photoconduct-
ance for diferent illumination intensities, using the
approximation

~~/~ -(GIGo)b/(b+ 1)

The ambipolar diQusion length and the high-injection
lifetime can be deduced from the PME open-circuit
voltage under high-injection and low-magnetic-6eM
conditions. The PME open-circuit voltage per unit
length for this case is given by
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independent of h in the moderate-injection region
(see Fig. 4).

Figure 6 illustrates the PME open-circuit voltage
versus photoconductance with temperature as param-
eter and for 8=0.01 Wb/m'. The results show that (I)
the VpME increases as the temperature is decreased,
(2) the VpM@ increases with increasing photoinjection
and reaches a constant value at very high-injection
levels, implying that v is decreased with increasing
photoinjection (VpME~ r '"), (3) the VpME increases
faster with G, between 7.9 and 14'K, than those
between 18.5 and 27'K, which implies that v. changes
more rapidly with photoinjection at T= 7.9 and 14'K
than for 27) T) 20'K..

Figure 7 displays the PME short-circuit current I,
versus the photoconductance 6 with temperature as
parameter and for 8=0.01 Wb/m'. It is noted that the
I;versus-G curve shifts to the left (or low-photocon-
ductance region) as temperature is decreased (except
at 27'K). Three distinctive regions are observed from
this plot over the entire measuring temperature range
7.9—27'K: (1) very high-injection region (region I): in
this region I, is directly proportional to G, and v is
essentially constant and equals the high-injection life-
time (T=T p+r„p); (2) high-injection region (region
II); in this region I, varies in proportion as G'", and T

varies in proportion as Lbv '"; (3) moderate-injection
region (region III); in this region I, varies with
G"(r 2 to—2.5), and r is a strong function of photo-
injection; the effect of trapping predominates in this
region.

In Fig. 8 the I ME apparent lifetime 7. is plotted as a
function of the photoconductance G, with temperature

10

10

10

10 ' I I I I y i I I I I I I i I i I&l

10 10 10

as parameter; the PME lifetime was deduced from the
PME open-circuit voltage at 8=0.01 Wb/m' and for
different illumination intensities. The results indicate
that 7- decreases with increasing photoinjection and
reaches a constant value at very high-injection levels.
The results also indicate that the high-injection lifetime
r„decreases as ter~~perature is decreased. From the
curve-fit of Fig. 9 it is found that

Gfmho)

Fxo. 8. PME apparent lifetime w is plotted as a function of
photoconductance with temperature as parameter. At very high
injection, & approaches the high-injection electron lifetime T p

which is found to decrease with decreasing temperature.

2
10

0.1

'T —7 ~,p'—3.68)( 10 T' ".

Since the effective lifetime decreases with increasing
injection, we assumed that the Raw levels are to be
acceptor type and in the lower half of the band gap,
then the r„will be approximately equal to r 0 (since
0.„»0. ). From the above expression, it is also found
that the capture cross section will increase with de-
creasing temperature between 27 and 7.9'K. The short
high-injection lifetime observed in this sample as com-
pared to that of the phosphorus-doped silicon reported
previously, " indicates that the fl.aw density in this
sample is higher than that of the phosphorus-doped
silicon sample.

The electron lifetime for small injection and for
arbitrary fl.aw density Ef is given by "

0.01

10

I I I I I I III I I I I I

JISM

10 10

G (mho)

10

FIG. 7. The PME short-circuit current I, versus photoconduct-
ance G for diAerent temperatures. Three distinctive regions are
obtained for each temperature: region I, I, cc G; region II, I, ~ G"4,
and region III, I, ~G" (r=1.6-2.3}.

t = Tp TL(OP +rV )7/rnp]—,

for cVf in the lower half of the band gap.
From Fig. 8, it is seen that the PME apparent life-

time 7 increases rapidly as the photoinjection is

"J.S. Blakemore, Sensiconductor Statistics (Pergamon Press,
Inc. , iXew York, 1962}.
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for T= 20.4 and 24 K, using the apparent PME lifetime
shown in Fig. 10. A striking linearity of this plot is ob-
tained for AN/zzo exceeding 200 for both temperatures.
This result indicates the adequacy of using the SR
model to explain the recombination and trapping
mechanism involved in this sample. The results indicate
that in regions I and II the eBect of trapping can be
ignored, and thus the assumption that 5n= hp is valid
for both regions. However, a large deviation from
linearity was observed in the moderate-injection region
(Azz —200no), indicating that the flaw density is large
enough to make trapping serious in this region. The as-
sumption that hn= hp in our PME and PC theory'"
will no longer be valid for region III. To estimate the
Raw density in this sample, the zero-modulation lifetime
ro is deduced from Fig. 11, which is given by

r„=ro ——4 msec, at 20.4'K
r„=ro ——1.4 msec, at 24'K.

I'rc. 9. High-injection lifetime r„ is plotted as a function of
temperature. Using curve 6t, r„ is found equal to 3.68&(10 '
T"p,sec.

decreased. This implies that the Raw density .V~ is
larger than the equilibrium electron concentration no
(since r&&r 0).

Figure 10 illustrates the PME apparent lifetime r
versus AN/zzo for T=20.4, 24, and 27 K. Note that in
region I (I.~G), r reaches a constant value r„, and in
region II (I, ~Gz~z) the following relation between r
and 5n is found from the curve-fit of Fig. 9

r= 1.96X10 4(Azz/zzo) '", at 24'K.

r= 2.6)&10 (AN/zzo) z at 20.4 K

From the slope of the plot of r(1+Azz/zzo) versus An/no,
it is found that

and
r„=r 0——4.14 psec, at 20.4'K

r 0= 6.5 psec, at 24'K.

0. =1/r„oXrz, z„ (12)

10

Using Eq. (9) and assuming pz((1Vr, the flaw density
X~ is found to be approximately equa1 to 5.6)&10' cm 3,

which seems quite reasonable for the present results.
The electron-capture cross section o-„can be calculated
from the expression

which are consistent with our previous results for
phosphorus-doped silicon" (in which we observed
regions I and II only).

In order to examine the validity of the simple model
used in the derivation of high-injection PME and PC
theory (we assumed that AN = Ap for the high-injection
case), the Shockley-Read Model" is used to interpret
the recombination and trapping mechanism in this
sample. From the SR model, the eA'ective carrier life-
time r for n-type material can be expressed as a function
of the excess carrier density for arbitrary modulation":

IO
4I

XO

ro+r (Azz/Np)T-
(1+An/zzo)

where 70 is the zero modulation lifetime given bp Eq.
(9) and r„=r 0 for the assumed model. It is noted
from Eq. (11) that a plot of r(1+Azz/zzo) versus Arz/no
enables one to obtain the zero-modulation 1ifetime ro,
provided that the eQ'ect of trapping is negligible. Figure
11 demonstrates the plot of r(1+Azz/No) versus Azz/zzo

1 l I Ill) z I I I I z lI)z() /](z) I I I
1 10 10 10

FlG. 10. PME apparent lifetime r versus normalized excess
carrier density DN/no for T=20.4, 24, and 27'K. In region II, &
is found to vary in proportion as hn '", and in region I, v is
constant.
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FiG. 11.&(1+he/nfl) is plotted as a function of Ae/no for T=24 and 20.4'K. A striking linearity is obtained for both curves for 5e/no
~200. The slope of this straight line yields the high-injection lifetime 7.„and the intercept yields the zero-injection lifetime vo.

where ~th is the thermal velocity, and lVf is the Aaw

density which is equal to 5.6X10"cm ' for this sample.
r 0 is listed in Table I. The results for fr„calculated at
20.4 and 24'K are given by

and
0-„=6.5X10 "cm' at 20.4'K.

0.= 2.18X10—"cm' at 24oK

Another interesting aspect regarding the effect of
charge fluctuation in the arsenic levels on the relation
between hn and hp has also been considered in this
work. It is found from the charge-balance equation and
the SR model that in regions I and II this eEect can be
completely ignored and the relation hn=hp holds
good for both regions (i.e., for hn)Foehn) "How-.
ever, for nh &FnX n(nregion III), 5p is found
equal to (FDXD) 'hn', which shows that holes are
trapped in the arsenic-site levels. Application of the
relation bp= (FDVD) 'hn to the PNME and PC theory
does not yield the correct prediction for I,-versus-G
curves at low magnetic fields and in the moderate-in-
jection region (region III). It is therefore concluded
that the e6ect of charge fluctuation in the arsenic

~This holds where FD=~„D/cr„D is the ratio of electron-hole
capture cross sections which is in the order of 10 '—10 ' and
E~—10"cm '.

levels on the trapping and recombination in this sample
seems not significant as compared to that of the Qaw
levels located in the lower half of the band gap.

DISCUSSION AND CONCLUSIONS

The PME and PC effects in the As-doped silicon have
been measured and analyzed between 7.9 and 27'K. The
recombination and transport parameters such as high-
injection electron lifetime, electron-capture cross sec-
tion, Qaw density, ambipolar diAusion length, and the
efI'ective carrier mobility are deduced from the PME
open-circuit voltage and the photoconductance data
between 7.9 and 27'K. Some important results are
summarized in Table I.

Conclusions regarding the trapping and the recom-
bination mechanism as well as the sects of tempera-
ture, photoinjection, and magnetic field on the PME
open-circuit voltage, carrier lifetime, and photoconduct-
ance are summarized as follows:

(&) It has been shown that experimental results for
VpME, I„and G versus magnetic field are in good
agreement with the theoretical predictions for 27&T)20'K and for injection regions I and II. However, for
region III and for 7.9 &T&14'K, the results are de-
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viated from the theoretical predictions, particularly at
high 6elds.

(2) Three distinctive regions are observed from
the I;versus-G plot: region I, I, ~G, (»=» 0); re-

gion II, I,~G'~', (»~he —'~'), and region III, I,~G',
(»=2 2.5), (»~he-&, P=1—1.5).

(3) The PME open-circuit voltage is found to de-
crease with increasing temperature as well as with
decreasing photoinjection.

(4) The relative photoconductance G/Go has a maxi-
mum value around 20'K and decreases with either in-
crease or decrease in temperatures.

(5) The PME apparent lifetime» is decreased with
increasing photoinjection and reaches a constant value
7„0 at very-high-injection levels.

(6) The high-injection electron lifetime» 0 is found
to decrease with decreasing temperature, indicating

that the electron-capture cross section is increased with
decreasing temperature.

(7) The effect of trapping in regions I and II and for
T)20'K can be completely ignored, and the assump-
tion that 5„=hp for these two regions is experimentally
veri6ed.

(8) The effective carrier mobility is found to de-
crease with increasing photoinjection, which can be
attributed to the increase in the ionized impurity
scattering as the photoinjection is increased.

In addition, the flaw level is believed to be acceptor-
type and located in the lower half of the band gap.
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A comparison. of observed and calculated line positions in a donor-acceptor pair spectrum yields a value
of &(0) = 10.75~0.1 for the GaP static dielectric constant at 1.6'K. Earlier analyses of pair spectra assumed
~(0) =11.1, the value obtained from Raman-scattering measurements at 300'K. The new value of e(0)
necessitates a small revision in the ionization energies of some donors and acceptors.

I. INTRODUCTION

A N accurate value of the static dielectric constant
of GaP at room temperature, e(0) = 11.1, has

been given by Barker, ' who combined Raman-scatter-
ing results with an extrapolation of Bond's precise
measurements2 of the refractive index for hv)0. 31 eV.
In the absence of reliable information on its tempera-
ture dependence, this dielectric constant was used for
the analysis of donor-acceptor (DA) spectra measured
at 1.6'K.'4 Now, however, we show that an accurate
6tting of a pair spectrum determines a static dielectric
constant of e(0) = 10.75&0.1 at 1.6'K.

Positive identification of the lines in a DA spectrum
requires a consideration of many energy terms. Shell-
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structure terms depend only on the DA separation. '
Shell-subs]rlcture terms depend also on the direction
in the lattice from donor to acceptor. "Some energy
terms arise from interactions between the neutral
atoms in the imhal state of the photon-emitting transi-
tion. Others arise from Coulomb and multipole interac-
tions in the jinal state. A comparison of observed and
calculated line positions is simplified if some of the
energy terms are negligible. In this respect the best
spectrum now available is that of C+O."Our value
of the dielectric constant is based on a satisfactory
htting of this spectrum.

II. FITTING C+0 SPECTRUM

The C+0 spectrum is particularly suitable for the
determination of the dielectric constant because three
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