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Theextrinsic photoconductivity of silicon doped with boron to a concentration N

=10""-10"" cm~* and with phosphorus to a concentration Np = 2-10'2-2-10"* cm 3 with a
microwave (8 mm) bias voltage has been studied. This photoconductivity was studied as a
function of the modulation frequency and intensity of the exciting light (at 10.6 um), the
temperature (over the range 5-50 K ), and the concentrations of the major and compensating
dopants. The quasisteady photoconductivity is found to be proportional to N p and to the
excitation intensity /, provided that the latter is below a threshold /,,, which depends on N 5 and
Np. Athigher values of I the change in the photoconductivity is slower than linear. The time
constant of the photoconductivity for Ng >2-10'cm ™3, T<15K,and I < I, is 7* = 4-10~*s.
ForI> I, therelaxationisnot exponential. The Nz dependence of the photoconductivity is
extremely sharp. As a function of the average distance between boron atoms,
Fav = ($7Ng )~ '3, the photoconductivity is proportional to exp( — 7,, /r,) inthe interval 7,

= (2-3) 10 °cm, where 7, = 2- 107 cm. The quantity 7, is close to the first Bohr radius of the
major dopant. The behavior found is explained in terms of a relaxation hopping conductivity
involving metastable excited states of the dopant boron. The lifetime of these states determines 7*.
The process by which the ionized and excited boron atoms localize at a minimum distance from
one another includes the hopping transport of charge or excitation by the set of atoms of the major

dopant. A possible physical reason for the metastable state of the dopant boron in the silicon is

discussed.

1.INTRODUCTION

Preliminary results on the extrinsic photoconductivity
of silicon doped with group-III and -V elements in concen-
trations of 10'°~10"” cm 2 with microwave and static bias
voltages were reported in Refs. 1 and 2. It was found that
with a static bias voltage the temperature dependence of the
quasisteady photoconductivity and its relaxation time agree
with the theory of cascade trapping of free carriers by ion-
ized atoms of group-I1I and -V dopants in the silicon.? In the
case of the microwave bias voltage, however, aslow (~ 1072
s) relaxation of the photoconductivity was observed at low
temperatures ( < 10 K), for dopants of boron, indium, and
arsenic. As the temperature was lowered, this slow relaxa-
tion increased the quasisteady photoconductivity to a level
nearly three orders of magntidue higher than that at a static
voltage. The slow relaxation of the microwave photoconduc-
tivity was attributed to the long lifetime of deep excited
states of these dopants. The absence of a slow relaxation in
the cases of Ga and Bi under similar conditiosn seemed natu-
ral, since the energies of the optical phonons are in resonance
with the 2P, state of the Bi and with the second excited state
of the Ga in silicon, and the emission of a single phonon
results in a rapid relaxation of an excitation of these do-
pants.* The spectra of excited states of the B, In, and As
dopants do not have any energy levels which are in reso-
nance with optical phonons, and relaxation of an excitation
is possible only through radiative or multiphonon transi-
tions. The reason is that the energies of their deep excited
states are many times the average thermal energy kT at low
temperatures. We might add that the lowest-lying states in
the spectra of excited states of group-V donors in silicon are
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the 1S(I's,I";) states, and optical transitions between these
states and the 1S(I",) ground state are forbidden.* The
metastable states of the group-III acceptors are 1S(P,,,)
states formed from states of a valence band which are split
off by a spin-orbit interaction.* An excitation may remain
localized at these states for a fairly long time. This conclu-
sion is supported by the slow (107~3-s) relaxation of the ex-
trinsic absorption which has been observed for dopant In in
silicon.®

It was also shown in Ref. 2 that the photoconductivity
results from an increase in the active component of the con-
ductivity and cannot be linked with the photodielectric ef-
fect. Hopping photoconductivity involving long-lived excit-
ed states of the group-I1I and -V dopants in silicon looks like
the most probable mechanism for the appearance of a high
photoconductivity in the case of a microwave bias voltage.
The hopping photoconductivity in an rf electric field may be
many orders of magnitude greater than the dc photoconduc-
tivity, like the hopping photoconductivity involving ground
states of dopants in silicon.®

In the present study we use the example of a boron do-
pant in silicon to determine the basic behavior of the micro-
wave extrinsic photoconductivity. We find that this behav-
ior agrees with the polarization model of hopping
conductivity.

2.EXPERIMENTAL PROCEDURE

We studied silicon samples doped with boron to a con-
centration Ny = 10°-10'7 cm ~3, with a low concentration
of background impurities. The compensating phosphorus
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dopant, in a concentration Np = 2-10-2:10'> cm 3, was
introduced by bombarding the samples with thermal neu-
trons and then annealing them. The phosphorous concentra-
tion was monitored on the basis of the resistivity of “wit-
nesses,” i.e., samples of high-resistivity silicon which
underwent an identical bombardment and an identical heat
treatment.

Boron in silicon is an excellent dopant for our purposes.
A random distribtion of the boron is achieved by virtue of
the high distribution coefficient of boron (0.9). The fact that
silicon absorbs neutrons only slightly also promotes the ran-
dom distribution of the phosphorus. Boron is furthermore
the shallowest acceptor in silicon, so the concentration of
compensated boron atoms corresponds to the phosphorus
concentration Np.

We studied the photoconductivity of samples with di-
mensions of 10X 3.5X 1 mm?>. The samples were placed at
the closed end of an 8-mm waveguide, into which the radi-
ation from a Gunn diode (at 37 GHz) and the exciting light
(at 10.6 um), modulated at a frequency between 30 Hz-10
MHz, were injected. The change in the conductivity of the
sample during photoexcitation resulted in modulation of the
microwave power. This modulated component of the micro-
wave signal, U, was studied as a function of the temperature
T (over the range 5-50 K), the excitation modulation fre-
quency f, and the excitation intensity /. Relaxation times
down to 10~ ® s were determined from the plot of U versus f,
and relaxation times of up to 10° s were determined from the
phase delay of the photoconductivity signal (Ref. 7). A dis-
advantage of the microwave apparatus, which stems from its
broad-band nature, is that the sensitivity is relatively low.
This low sensitivity is a limitation in measurements at the
lowest photoexcitation levels. Samples in which current con-
tacts has been implanted were studied simultaneously at the
microwave and static bias voltages.

3.EXPERIMENTAL RESULTS

Figure 1 shows the microwave photoconductivity sig-
nal U as a function of the frequency fat which the exciting
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FIG. 1. The microwave photoconductivity signal U versus the modulation
frequency f of the exciting light at 5 K for silicon samples with a phos-
phorus concentration Np = 10" cm ™~ and several boron concentrations
Ny (in units of 10'* cm—?): 1—2.7; 2—2.1; 3—1.8; 4—0.5; 5—0.3.
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FIG. 2. The microwave photoconductivity signal U versus the modulation
frequency f forasample with Ny = 3.5:10'*cm~2and Np = 10" cm~3at
several temperatures T: /—5 K; 2—11 K; 3—15 K; 4—30 K.

light is modulated for several silicon samples doped with
phosphorus to a concentration Np = 10" cm ™3, for various
boron concentrations N g . Figure 2 shows the results for var-
ious temperatures 7, and Fig. 3 shows results for various
photoexcitation intensities 7. We see from these figures that
a frequency dependence arises at N5>5-10"° cm™>. At
Ng>1.2x10'" cm~3 and 5 K, this dependence is bascially
the same for all the samples and corresponds to a relaxation
time 7*~4-10~* s of the photoconductivity. As the tem-
perature is raised to 15 K, the nature of the frequency de-
pendence does not change, but the amplitude of the photo-
conductivity decreases. At 30 K, the frequency dependence
disappears. At sufficiently low photoexcitation levels, the
frequency dependence is independent of the intensity I,
while the photoconductivity increases in proportion to [/
(Fig. 4). When a threshold intensity, which depends on the
boron concentration N g, is reached, however, the relaxation
of Ubecomes nonexponential (Fig. 3), and the amplitude of
this photoconductivity signal increases more slowly than
linearly (Fig. 4). With these points in mind, we continued
the study of the quasisteady photoconductivity at a fairly
low intensity I and at a fairly low modulation fregency f.
Figure 5 shows the temperature dependence of the qua-
sisteady photoconductivity U(LF) for several samples with
Np = 10" cm™3. The curves of the microwave photocon-
ductivity at a high excitation modulation frequency,
U(HF), are essentially identical for all the samples of this
lot, and they are the same as the curves of U(LF) for the
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FIG. 3. The microwave photoconductivity signal U versus the modulation

frequency fat 5 K for a sample with Ny = 1.8-10'°cm~>and N, = 10"
cm ™ at various excitation intensities I: I, < I, < I,.
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FIG. 4. The quasisteady microwave photoconductivity signal U(LF) ver-
sus the excitation intensity 7 at 5 K for samples with N, = 10'*cm™* and
several concentrations Ny (10'®cm™3): I—1.5; 2—1.8; 3—3.5.

lightly doped samples (1 and 2 in Fig. 5). They are also
similar to the photoconductivity curves for a static bias vol-
tage. It can be seen from Fig. 5 that the difference between
U(LF) and U(HF) appears at a boron concentration
Ng =4-10" cm 2. It increases rapidly with increasing N g,
to a value nearly three orders higherat Ny = 2.7-10'¢cm ™3
and 5 K.

Figure 6 shows the temperature dependence of the mi-
crowave photoconductivity signal for several silicon sam-
ples doped with boron to a concentration Ny = 3.5-10'6
cm~* and with phosphorus to various concentrations. These
results are shown for low and high modulation frequencies
of the exciting light [ U(LF) and U(HF), respectively]. The
difference between the low- and high-frequency photocon-
ductivities increases sharply with increasing concentration
of the compensating dopant.

Note that the temperature dependence of the photocon-
ductivity signal at low and high modulation frequencies f is
the same in the interval 3040 K, and it agrees with the de-
pendence at a static bias voltage. The photoconductivity re-
laxation times measured for the microwave and static bias
voltages are the same, to within the experimental errors. Fig-
ure 7 shows the lifetime 7, versus the boron concentration
Np at 30 K. We see that 7, is inversely proportional to the
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FIG. 6. Temperature dependence of the microwave photoconductivity
signal at a low modulation frequency, U(LF) (solid lines), and at a high
modulation frequency U(HF), for samples with Ny = 3.5-10'°cm~*and
several valuesof N p: /—5-10'% 2—1-10'%; 3—2-10'3; 4—4-10'3; 5—10"

cm

concentration of the compensating dopant. This result is
natural for recombination of free photocarriers at compara-
tively high temperatures.® It follows that the ordinary ex-
trinsic photoconductivity due to free holes dominates at high
temperatures. It can thus be concluded that in this region the
photoconductivity is quasisteady at both low and high mod-
ulation frequencies (f = 10°-10° Hz). It is on this basis that
the high-temperature parts of the curves in Fig. 6 have been
brought into coincidence for each of the samples, although
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FIG. 7. The hole lifetime 7, at 30 K versus the phosphorus concentration
Np [Ng = (3-4):10"cm™?].

in the experiments the absolute values of the photoconduc-
tivity depended on the tuning of the waveguide section, the
modulation depth of the exciting light, and other factors.
This superposition of the curves made it possible to plot the
ratio of the quasisteady response, U(LF), at 5 K to the re-
sponse U(HF) at 30 K as a function of the boron concentra-
tion Np (Fig. 8). We see that the ratio U(LF)/U(HF) in-
creases as the square of the concentration Np. At a given
intensity of the excitation and a given tuning of the wave-
guide section, the photoconductivity increases in inverse
proportion to N at 30 K. We accordingly replotted the ex-
perimental results in Fig. 6 for U(LF), shifting them along
the ordinate in such a way that the photoconductivity at high
temperatures corresponded to this behavior. At any tem-
perature, U(LF) is then proportional to the microwave pho-
toconductivity signal. This manipulation of the results al-
lows us to determine how the steady-state microwave
photoconductivity signal of the samples depends on the
phosphorus concentration N, even at low temperatures.
This dependence is shown for 5 K in Fig. 9. We see that the
photoconductivity increases in proportion to N .

4.DISCUSSION OF RESULTS

Let us examine these experimental results in light of the
model of the polarization hopping conductivity in an alter-
nating electric field.® This model is based on the following
simple physical idea: In thermodynamic equilibrium, the

U(LF)/U(HF)

101 -

w Lwr__l_.._.l__.l..__..l.
X10%  19% 3ug® 10"

J ’”M

Np,cm™3

FIG. 8. Ratio of the quasisteady photoconductivity signal U(LF) at 5 K
to the high-frequency photoconductivity signal U(HF) at 30 K as a func-
tion of the concentration N for samples with Ny = 3.5:10'*cm 3,
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FIG. 9. The quasisteady photoconductivity signal U(LF) of samples with
Ny =3.5-10'° cm ™ versus the phosphorus concentration N, at 5 K.

state with the lowest energy is reached when the ionized
atoms of the major dopant are nearest the ions of the com-
pensating dopant. In an electric field, the potential changes
near an ion, and a new equilibrium state is established as a
result. This new state corresponds to different distances be-
tween the ions of the major and compensating dopants. In
other words, the dipole moments of the ion pairs change.
The time scale of this restructuring is equal in order of mag-
nitude to the hopping time 7, and the resultant change in the
polarization of the semiconductor in the alternating electric
field is manifested as the flow of an alternating current. The
ac conductivity may be many orders of magnitude greater
than the dc conductivity. The conductivity of a semiconduc-
tor at a frequency o, i.e., 0(w), with a concentration N of
the major (acceptor) dopant and with a compensating do-
pant concentration N, for a random distribution of the do-
pants, and for temperatures which are not too low, can be
written®

2 2 2+'
o) = —e—NBNpS T (M) 4mr? dr,

12kT 1+’ (1

t[s]=5-10~**(r/a)~* exp(2r/a) . (2)

The integration here is over all distances r between the atoms
of the major dopant, and a is the first Bohr radius of the
ground state of the dopant.

It was shown in Ref. 6 that expression (1) agrees well
with experimental results on the equilibrium conductivity of
silicon doped with group-V donors at relatively low frequen-
cies (10%-10° Hz). In other words, this expression predicts
that the real part of the conductivity depends linearly on the
concentrations of the major and compensating dopants,
slower than linearly on the frquency (»%® ), and the absolute
values of the conductivity are close to the experimental val-
ues.

In the case of hopping photoconductivity involving ex-
cited states, we would replace the concentration of the major
dopant, N, in expressions (1) and (2) by the concentration
of excited atoms, N % = g7*, where g is the excitation rate,
and we would replace the Bohr radius of the ground state, a,
by the Bohr radius of the excited state, a*. In addition, the
study was carried out at a very high frequency, » = 2.3-10"!
s~', at which the condition w7>1 held essentially up to
r~a*. The hopping between ionized and excited boron
atoms separated by a small distance r therefore dominated
the photoconductivity. The real part of the photoconductiv-
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ity was much greater than the imaginary part, and the fre-
quency dependence of the real part was negligible. It should
also be noted that the excited states have a finite lifetime 7*.
This time determines the relaxation kinetics of the photo-
conductivity, and it may also be important in the case of
quasisteady excitation. Specifically, if transport of charge or
excitation plays an important role in the photoconductivity,
then 7* may be too short for a quasiequilibrium distribution
of ionized and excited atoms of the major dopant to be
reached. We would expect that the rate at which equilibrium
is reached would be extremely sensitive to the concentration
of the major dopant. We take this point into account by in-
corporating a probability factor W(N ) in the expression
for the photoconductivity. With these comments in mind,
we write the photoconductivity as
e‘z
U (LF) = ';'—NPNB‘T.W(NB) 5 v hnrtdr

12kT (3)

and we compare this expression with the experimental data.

It can be seen from Fig. 9 that the photoconductivity
increases in proportion to the concentration of the compen-
sating dopant over abroad range of N, values, in accordance
with (3). The photoconductivity is observed to depend lin-
early on the excitation intensity 7, on the other hand, only up
to a certain threshold, beyond which the photoconductivity
increases more slowly than linearly (Fig. 4). To estimate
absolute values of the excited-dopant concentration NV *, we
determined the excitation rate g from the magnitude of the
photoconductivity at a static bias voltage of a lightly com-
pensated sample, with a boron concentration
Np =3.5%10'cm™2 and a long lifetime, 7p = 1.5-107 8,
at 30 K. The mobility of the photoholes in this material was
determined from the scattering by neutral impurity centers
and was taken to be 10 cm?/(V-s) (Ref. 8). The photocon-
ductivity U(LF) at a microwave bias voltage, for a sample
with the same concentration Ny but with a compensating-
dopant concentration Np = 10'* cm™3, is shown in Fig. 10
as a function of the excitation rate g at two temperatures.
The upper scale in this figure has values of N ¥ = g7*, where
7% =4-10"*s. We see that the transition from a linear de-
pendence to a sublinear dependence occurs at N§~Np
=10"cm™3,
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FIG. 10. The quasisteady photoconductivity signal U(LF) versus the ex-
citation rate g and the concentration of excited boron atoms, N §, for a
samplewith N, = 10¥cm™*and Ny = 3.5-10'°cm > T: I—5K and 2—
12 K.
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This agreement between the concentration of the ion-
ized atoms of the major dopant and the threshold concentra-
tion of excited atoms indicates that the relaxation time 7* is
long enough that the ions and excited atoms manage to local-
ize at a minimum distance from each other. As a result, there
is a maximum hopping probability, and there is a maximum
contribution to the photoconductivity. An increase in the
concentration N ¥ above Np does not make any important
contribution to the photoconductivity, since all the neutral
atoms closest to the boron ions are already in the excited
state, and the subsequent change in the photoconductivity is
slower than linear. Since the overwhelming majority of ions
of the major dopant are localized at a minimum distance
from the ions of the compensating dopant are low tempera-
tures, the trapping of holes occurs primarily at these di-
poles,? and it is unlikely that an ion of the major dopant will
be near an excited atom immediately after it captures a hole.
The formation of closely spaced pairs of an ion and an excit-
ed atom requires either diffusion of the ion to this closer
position or diffusion of the excitation to the ion. This process
is possible only if charges or excitations are transported by
the set of neutral atoms of the major dopant. The transport
probability should be very sensitive to the concentration of
the major dopant.

To determine the role of the transport and the mecha-
nism for it, we examine the results in Fig. 5, plotted as
U(LF)/U(HF) versus the average distance between the
atoms of the major dopant, ,, = (4/3Ny) "3 (Fig. 11). It
can be seen from this figure that for 3-107¢>7,, >2-107°
cm the ratio increases by more than two orders of magni-
tude, and it can be described by

U(LF)/U(HF) c<exp( — 7,,/75),

where 7, = 21077 cm. The fact that 7, is close to the first
Bohr radius of the major dopant indicates that the transport
is possible because the wave functions overlap. It also indi-
cates that the probability W(N g ) that ionized and excited
dopant atoms will move close to each other is determined by
the probability for hopping transport over a distance close to
the average distance. At relatively low concentrations N,
for which the condition 7* W (N ) < 1 holds, the photocon-
ductivity should then increase exponentially with decreasing
7., - With increasing concentration, the transport probabili-
ty becomes sufficient for the particles to move close to each
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FIG. 11. Ratio of the photoconductivity signal at a low modulation fre-
quency, U(LF), to that at a high frequency, U(HF), at 5 K for samples
with Np = 10" cm 2 as a function of the average distance between boron
atoms, 7,, = (4/3-cm Ny) /3. | ®@—f= 70 Hz; 2 O—f = 800 Hz. The
straight line is a plot of exp( — ,,/r,), where r, = 2-10"7 cm.
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other over a time 7*. When N, increases further the de-
pendence on the concentration should weaken, and at high
concentrations the entire hopping-photoconductivity pro-
cess can be regarded as a quasiequilibrium process.

Under quasiequilibrium conditions we can estimate the
ionization potential of the excited state of the dopant boron
from the temperature dependence of the photoconductivity
(Fig. 5). It can be seen from this figure that the photocon-
ductivity varies only slightly in the interval 5-15 K at a high
concentration N . As the temperature is raised further, the
photoconductivity falls off exponentially, with an activation
energy close to 20 meV. This value of the ionization potential
also agrees with the following simple estimate. The exponen-
tial decrease of the photoconductivity due to the thermal
empyting of the boron ground state, with an ionization po-
tential of 46 meV, begins at 30 K. The emptying of the excit-
ed state begins at a temperature lower by a factor of about 2
(Fig. 5); correspondingly, the ionization energy is lower by
afactor of 2. The existence of an excited state with an ioniza-
tion potential of 23 meV in the spectrum of the dopant boron
in silicon seems quite likely.* According to the calculations
of Ref. 9, this state 1S(P,,,), is formed from the wave func-
tions of a branch of the valence band which is split off by the
spin-orbit interaction and which is the lowest in the P,
series. Optical transitions between this state and the
1S(P;,,) ground state is forbidden, and they should not be
seen in the ir absorption spectrum of a boron dopant in sili-
con. In the Raman spectrum, in contrast, this state should be
seen quite reliably.* We would expect this metastable state to
be responsible for hopping conductivity. We then find a nat-
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ural explanation for the long lifetime of the excited state,
7% = 4-10~*s, which is considerably longer than the radia-
tive lifetime of excited states of the P;,, series which exhibit-
ed in the absorption spectra.

In summary, it has been shown here, for the particular
case of boron in silicon, that the behavior of the extrinsic
photoconductivity in an rf electric field as a function of the
temperature, the concentrations of the major and compen-
sating dopants, and the modulation frequency and intensity
of the photoexcitation can be explained, at least qualitative-
ly, by the polarization model of hopping photoconductivity
involving excited states of the major dopant.
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