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ABSTRACT. A study of the saturation of the absorption coefficient and of the photoconductivity
signal of Sb and P donors in Ge for radiation of .x = 90,09 Itm, i.e. of energy very near the value
of tbeir ionization edges is presented at T = 9.3 K. Under these conditions negligible heating by
the excess radiation energy is expected, which provides a convenient opportunity to study the
kinetics of the photoionization and recombination of electrons in donor impurities. From these
measurements we have determined the donar capture eross scction of eleetrons at 9.3 1( to be Uc =
(1.2:1:0.7)x 10-12 cm2 and the relaxation time from the 2s to the ls GS as T2l = (5.8:1:1.0) x 10-10 s.
\Ve can understand lhe observed salnration effects on the photoconductivity by application of the
Debye-Conwell dependen ce of the mobility on lhe number of photoionized donors.

RESUMEN. Se presenta un estudio de 9.3 K de la saluración del coeficiente de absorción y de la
señal de fotoconductividad de los donadores de Sb y P (antimonio y fósforo) en el germanio para
radiación de .x = 90.09 Itm la cual es de energía muy próxima a la del valor de sus umbrales
de ionización. Bajo estas condiciones el calentamiento producido por el exceso de radiación es
despreciable, lo cual proporciona una oportunidad muy conveniente para estudiar la cinética de la
fotoionización y recombinación de los electrones en impurezas donadoras. De estos experimentos
hemos determinado la sección eficaz de captura de electrones a 9.3 K corno (1, = (1.5:1: 0.7) x
10-12 cm2 y corno tiempos de relajación del estado 2s al estado base ls T21 = (5.8:1: 1.0) x 10-10 s.
Podemos entender los efectos observados de la saturación de la fotoconductividad mediante la
aplicación del modelo de Debye-Conwell sobre la dependencia de la mobilidad de los electrones en
el número de donadores fotoionizados.

PACS: 78.50.Ge

1. INTRODUCTION

Advances in the preparation of ultrapure germanium (1] and the construction of pulsed
high power far-infrared (FIR) methanol based gas lasers [21have recently allowed precise
determination of lhe intrinsic linewidth of donor transitions in this semiconductor and

.También en el Instituto de Investigación en Comunicación Optica, Universidad Autónoma de San
Luis Potosí, Alvaro Obregón 64, San Lnis Potosí, SLP 78000 (dirección a partir de febrero de
1992).
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provided a probe for the physical agents that determine it [3]. In ultrapure Ge the donor
complexes D(H, O) and D(Li, O) exhibit extremely narrow FIR resonances [1]. The full-
width at half maximum (FWHM) of the ls-2p D(H, O) transition, 6v = 8.6 ILeV, was
eoncluded to be lifetime dominated corresponding to a T2 = (7r6v)-1 = 1.6 X lO-lO s
(dipole relaxation time of the excited state). In a more recent work, Theiler el al. [4,5]
have studied the power saturation broadening of the ls-2p and ls-3p transitions in the
same D(H, O) donor of Ge concluding that the basic absorption is well described as a two
leve! system coupled by an electric dipole moment p with homogeneous broadening [4).
They have also conducted a series of photoconductive experiments on the D(H, O) donor
(Ei = 12.498 meV) with radiation aboye but near the ionization edge, A = 90.09 1,m
(111 cm-1) and 90.90 (1l0 cm-I) at high excitation powers. They observed the total
bleaching of the eleetrons in its ground state (GS) [5].

The proper deseription of these phenomena in D(H, O) requires an adequate knowled-
ge of the kinetic recombination parameters of donors in Ge. There are several studies
concerning this subject in the literature [6,7,8,9), many performed in the early sixties
before the advent of the high power lasers. In particular, McManus el al. [71 report a
study of the nonlinear absorption of infrared radiation of A= 10.6 pm, (kv = 11.97 meV)
by Sb donors in Ge, i.e. for radiation more than eleven times their ionization energy.
However, in these experiments in order for the electrons to come down to the bottom of
the conduction band (CB) befo re their reeapture they have to shed the excess energy by
means of sueeessive emissions of optical and aeoustical phonons [101. This proeess heats
the distribution of eleetrons in the eonduction band to sorne Te signifieativcly different
from that of the lattiee [10]. This faet affects among other physieal parameters the donor
capture eross seetion of eleetrons.

\Ve present in this work a study of the saturation of the absorption eoefficient and of
the photoconduetive signal of P Ei = 12.88 meV) and Sb (Ei = 10.45 meV) [11) donors
in n-type Ge when subjeeted to high power pulses of near ionization edge radiation A=
90.09 pm (111 cm-I). These are model systems to study the kinetie proeess that governs
the reeapture of eleetrons by the D(H, O) donor eenter under analogous eonditions, and
to obtain the physical parameters that regulate the reeombination of eleetrons promoted
close to bottom of the CB. This is possible beca use aeeording to the effeetive mass theory
(EMT) the D(H, O) donor complex, as well as any other donor in Ge, have identical sets
of excited states, both in their energy spaeings and wavefunetion nature [12]' and the faet
that the free electrons return through exeited states to the donor GS [12).

2. EXPERIMENTAL

The Ge sample used is n-type, Sb doped, room temperature resistan ce p = 1.15 ll-em,
whieh eorresponds to Nd = 1.5 X 1015 cm-J, oflow eompensation estimated to be j3 = 2.1%
in the present work, Sec!o 4. Its FIR transmission spectrum, taken with a Bruker 113V
Fourier Transform Spectrometer shows that 80% of the donors are Sb impurities and 20%
P. The sample used for the absorption saturation experiments has dimensions 10 x 8 x
0.35 mm3 while the sample used for the photoeonductive experiments is 7 x 3 x 0.7 mm3.

In this latter sample good low temperature ohmie contaets were prepared by rubbing
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InGa eutectic vigorously on the smaller lateral faces. Both samples were wedged to avoid
the formation of standing waves. Saturated absorption near the donors ionization edge
was observed by measuring the transmittance of FIR pulses from a C02 pumped gas
laser [2) operating at ,\ = 90.09 J1.m (111 cm-1 = 13.76 meV). These lasers are capable of
producing pulses of up to 1 MW/cm2. The pulse length is about 50 nsec. The laser power
is varied in precision steps over several orders of magnitude by using a series of broadband
attenuators [14]. In the absorption saturation experiments the sample is mounted in the
cold finger of a liquid helium flow through cryostat. The sample temperature as measured
with a Si diode next to the sample was 9.3 K. The experimental setup for the transmittance
measurements is published elsewhere [151.
The photoconductive signal is measured with the voltage divider circuit shown in the

insert of Fig. 2. A rectangular electrical pulse was applied at Uin and UDU' was measured by
means of a high speed digital oscilloscope (HP 54111D) triggering the laser after 100 J1.sec
of waiting time. The signal was found to follow the pulse shape of the FIR laser. The load
resistance R." was adjusted according to the size of the output voltage [5].

3. RESULTS

In Fig. 1 we plot the absorption coefficient dependence on the relative laser intensity of
,\= 90.09 J1.m. OdB corresponds to a peak intensity of 25.8 KW/cm2 and pulse energy of
0.88 mJ. The non-linear change of the absorption takes three to four decades of increasing
laser intensity, with a half value for o at around -22 dB (160 W/cm2). This behaviour
is similar to that observed for the absorption at ,\ = 10.6 J1.m [7]. Accordingly, we also
measure the saturation change of the average absorption coefficient 0('\,1) resulting from
the convolution of 0('\,1) with the laser pulse intensity distribution in space and time.
The solid line represents the fit of a three-Ievel model [7]. In contract to the observed
results for the absorption saturation at ,\ = 10.6 J1.m, where the electrons are pumped
well aboye the CB and substantially heated, for the results in Fig. 1, ,\ = 90.09 J1.m, the
electrons are pumped just aboye the bottom of the CB. In this case the theoretical fit is
very satisfactory, osing mainly well established para meter of Ge as discussed below.
In Fig. 2 the results of the photoconductive response to the same high-power laser

radiation ,\ = 90.09 J1.m are shown on the same Ge(Sb, P) sample, at applied voltages of
0.1,0.3, 1,3,6 and 10Volts. The observed changes allowed monitoring of the conductivity
response up to nine decades of incident laser power. The figure shows that aboye a voltage
of 3V, a saturation process sets in and the response to the radiation of the sample at larger
fields is no longer distinguishable. This is caused by the physical limit to the temperature
attainable, Te '" 30 K, by the electrons when heated by the field. This is due to the
fact that at this temperature the high energy tail of the maxwel!ian distribution of the
hot electrons has enough energy to allow emission of optical phonons, which is a highly
efficient way for the electrons in Ge to dissipate their energy and saturating their drift
velocity at a value v, = 2.2 X 107 cm/s [lO].
Fig. 2 shows that for al! applied voItages there is a range where a linear increase of the

laser power produces a linear increase of the conductivity, but around -55 dB the slope of
the response changes drastically. In the following four decades of increasing laser power the
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FIGURE 1. Saluralion of lhe absorplion coefficienl al A = 90.09 ¡,m. O dB correspond lo 25.8 kW/
cm'. The solid line shows lhe lil of lhe kinelic model illuslraled in Fig. 4 and discussed in lhe lexl.
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FIGURE 2. Pholoconduclivily response of lhe Ge(Sb, P) sample illuminaled wilh laser radiation
of A = 90.09 /lm. The sample is kept al T = 9.3 K. The inserl shows lhe circuil used lo recover lhe
generaled vollage Uout' The lines correspond lo: (3,6, 10 V) 1 V, (0.3, 0.1 V) fram lefl lo righl,
respeclively.

conductivity increases by very modest increments. From the saturation behaviour of the
absorption coefficient a significant depletion of the ground state population is expected
oplically only at incident radiation intensities 3 arder of magnitude (-25 dB) larger.
Hence, this change has to have its origin in the electric field dependence of either the
ionization pracess or of the conduction of electrans in Ge. As discussed below, the solid
lines represent the theoretical conductivity response due to reduction of the mobility with
the increasing number of ionized donors [lO).
In Fig. 3 is shown the ratio of the measured conductivities to the linear conductivities
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FIGURE 3. Ratio between the observed photoconductivies and those linearly extrapolated from
the region of linear behaviour, i.e., below -55 dB in Fig. 2. The solid lines indicate the predictions
of the model discussed in the tex!.

obtained from a preliminarily least square linear fit to the points below -55 dB for each
voltage, except for the 0.1 V values where the ratio was formed by dividing the experi-
mental values by those of the linear approximation of the photoconductivity, Eq. (12). 1t
can be seen from the figure that the 50% ratio lies very close to the -50 dB value. 1'he
sol id lines are the predictions of the model discussed below. 1'his predicts a weak electric
field dependence for this ratio, which is not observed due to the experimental scatter. 1'he
ratios are found theoretically to be extremely sensitive to the sample compensation.

4. DISCUSSION

4.1. The saturation o/ the absorption coeffieient

1'he essential process and levels involved in the kinetics of the photoionization and re-
combination of eleetrons of a donar in Ge are illllstrated schematically in Fig. 4a. 1'he
recombination of an electro n with a donor proceeds through its capture by sorne excited
state and subsequent cascading by acoustic phonon emissions to the GS. 1'he calculations
of Ascarelli and Rodríguez [111 show that by large factars the most important contri bu-
tions to the electro n capture cross section ac arise from capture into the levels 2s and 3s
with a subsequent transition to the GS with emission of one acoustic phonon. 1'he capture
by the state 2s alone contributes a factor ten times larger than that from the 3s. Hence.
in Fig. 4 only effects on the kinetics due to the capture by the 2s level have been depicted.
Once an electron is trapped by sorne donor excited level in most cases it will decay to the
GS, because their photoionization cross sections are several arders of magnitude smaller
than that of the GS [131.
In Fig. 4, no account has been taken of the fact that donors in Ge have four possible ls

states originating in the fourfold degenerate CB minima chemically split into two levels, a
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FIGURE 4. Essential kinetic process ¡nvolved in the photoionization oí an electron from a donor
and its eventual recombination to the ground state 18(A,). Eb is the donor binding energy, T, is
the recombination rate of the free electron by the 28 state, T21 is the lifetime of decay from this
level to the GS, T,. is the photoexcitation time and lJwis the laser photon energy. In b) the same
process is shown schematically. Here Xo and X2 are the ionization rates from the GS and 28 states,
TR is the recombination rate from 28 to the GS.

singlet 18(041) and a triplet 18(T2). The reason is that the recombination lifetime T11 from
18(T2) to 18(041) is at least one order of magnitude smaller than that of the recombination
time T21 from the 28 to 18(T2), which is the bottleneek in electron recombination, i.e.,
less than lO-lO s [7,13]. The recombination lifetime T32 from 38 to 28, is expected to be
of the Same magnitude aS TII [7,131.

U the photoionization time T¡, is comparable or smaller than the recomhination lifetime
of an excited level there can be an electron popnlation buildup in this state. For the pho-
toionization time Ti< = (a¡,<I»-I, where ai< is the GS photoionization cross section ai< =
1.2 x 10-14 cm2, dednced from the FIR transmition spectrum, and <I>is the photon flux
4.54 x 1020 photons-cm-2/Watt-s for ,\ = 90.09 1,m, one finds Ti< '" 10-9 s at the incident
power of -23 dB in Fig. 1 and above it. As a consequence, the 28 state will have an appre-
ciable e!fect on the overall absorption process because T2¡ has been calculated [161 to be 2 x
10-9 s, i.e., for most values of the laser power for which non-linear absorption is observed.
This e!fect is reinforeed by the fact that its photoionization cross section is at least one or-
der of magnitude smaller 1171 than that for the 18 electrons. Hence, the kinetics is best des-
crihed by a model involving the three illtervening levels: the GS, the CB, alld the 28 state.

The power dependent o( <I» absorptioll coefficient expression that applies for the three
level situation described above has been dedllced from the correspondillg rate eqllations
in the literature [5,7) Ilsing the model illllstrated in Fig. 4b with .lo = l/T¡" Te = ro(Na +
n(<I»), Tn = 1/T2¡ as follows,

o(x) = n¡,(x)a¡, + n(x)ar, (1)

o(x) = 00(1 - (3)R - (ooR - a) - ({3+ Rx) + t [({3+ XR)2 + 4xR(1 - (3)1/2], (2)
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for compensation (3, free carrier absorption cross section C7f, and

<1>(1 - R)
x = 171, N.

dTO

and

(3)

TO = C7c(V); (4)

here R 9!! 0.3 is the reflectivity of the sample, Nd is the donor concentration, TO is the
electro n recapture rate at zero electric field, composed of C7c, the electron capture cross
section, and (v), the thermal average free electron velocity, (v) = 4.2 X 106 cm/s at
T = 9.3 K (m; = 0.220). \Ve set as an estimate of its magnitude the value for X2 to
be Xo/lO, because in the Born approximation for the hydrogen atom X2 = Xo/8 and
the same order of magnitude is expected for hydrogenic impurities in Ge [131. 00, o are
the absorption coefficients at very low and very high laser power intensities, respectively.
They are defined as

(5)

The value of 00 = 15.2 cm-I is obtained from the FIR transmission measurement and
from it C7¡, = 1.2 X 10-14 cm2 at ,\ = 90.09 ¡1m. Several estimates deduced mainly from
conductivity measurements, dating back to the beginning of the sixties, exists for the
value of the electro n capture cross section C7c [6,13]. However, there is a spread in values
which puts its actual magnitude somewhere between 10-14 to 10-12 cm2 at T = 9.3 K.
Hence, C7c together with T21 are the least well-known parameters in Eqs. (1)-(5). As a
consequence they were used as fitting parameters. The solid line represents the best fit
from Eq. (2), with C7c = (1.2 :!: 0.7) x 10-12 cm2 and T21 = (5.8 :!: 1.0) x 10-10 s. Good
fits were obtained for a range of C7c values between 0.5 to 1.9 x 10-12 cm2, and for T21 for
the very restricted range of values between 5 and 7 x 10-10 s. This is the origin of the
nncertainties in these parameters.
Acceptable fits can be obtained to the data for the saturation of the absorption coef-

ficient, by using the two level model of MacManus [7]. However, in this case a smaller
C7c = (2.9:!: 1.0) x 10-13 cm2 is required mathematically, which has the e!fect of prolonging
the permanence time of the electrons as free carriers in order to compensate for the
sizable population of dectrons that tends to build up in 2s level in the more realistic
case. These electrons, \Vith a smaller photoionization rate, reduce the number of those
available in the GS for promotion to the CB by the incident radiation. Actually, one can
calculate numerically \Vith the parameters obtained from the three level model fit that
the population of eleetrons in the 2s level n2, is approximately equal to n, at -18 dB of
the relative laser power, ¡.e. at around 340 \V/cm2 of incident power.
The theoretical fit of the three level model provides a very satisfactory explanation of

the observed saturation of the absorption coefficient of radiation \Vith wavelength ,\ =
90.09 p.m, in contrasts to the case of ,\ = 10.6 1"m for the same donor system [71. The
resulting value of C7c at T = 9.3 K is fdt to be a very reasonable physical result. It comes
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very close in magnitude to the linear extrapolated value of 1.1 x 10-12 cm-2 from the
experimental results for Uc of Sb donors measured by Koenig et al. The result for T21 of
0.58 nanosec. comes close to the above mentioned theoretical value of 2 nanosec. [16].
Finally, the close agreement between the estimated capture cross sections of Koenig et
al. [61 and that of this work using the average thermal electro n velocity at 9.3 K indicatcs
negligible heating of the electrons promoted very close to the bottom of the CB, as it was
expected.

As our measurement werc not very sensitive to the magnitude of the residual absorption
o, its value and hence, that of the free carrier absorption cross section Uf, were estimatcd
by means of a preliminary fit using the theoretical expression for the power dependent
absorption coefficient of a two level [171 system with residual absorption o Le. o(cf» =
(00 -0)/(1 +cf>/cf>s)+o. We estimate uf ~ 10-16 cm2• Hence, this value constitutes only
an upper bound due to the relative inscnsitivity of our experiments to it.

4.2. The photoconductivity response

Three physical sources affect the conductivity of the Ge sample when subjected to the
laser illumination and measured at a given applicd electric ficld: 1) the onset of impact
ionization as an extra agent that changes the rate of ionization of donors; 2) the recombi-
nation rate becomes also field dependent, decreasing monotonically with increasing fields;
and 3) the optical ionization of a significant number of donors decreascs the elcctron
mobility.

Impact ionization of impurities in scmiconductors by accelerated electrons occur when
their kinetic energy is larger than the impurity binding energy. The total ionization rate
K. is determined by a convolution of the impact ionization cross section with the velocity
distribution of hot carriers [18,19]. Following Westervelt [19) we use the empirical formula

~1/2 1
K- 1\.0--- ----------
- (1+01+expEb(1-0/kBTh' (6)

where Eb is the donor binding energy, K.o is a constant, Th and Vd are thc temperature
and drift velocity of the hot electrons

(7)

Here Ji. is the electronic mobility and Vs is the electron saturation drift velocity that from
Westervelt [19) is 2.2 x 107 cm/s. The hot electrons temperaturc is calculatcd from the
formula [19)

v2
Th = T + 1)m.-k

d ,
3 B

(8)

where 1] = 2T¡/Te is twice the ratio bctwecn the electro n inelastic and elastic collision
lifetimes discussed below.
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The eonstant "O has been estimated for aeeeptors [19] as 6x 10-6 em3 s-I with an inverse
dependenee on the square root of the hole effeetive mass. Correeting for the eleetron
effeetive mass we roundcd its value to "O = 10-5 em3 S-l. The fit was insensitive to its
actual value within an order of magnitude. For the elcetrie field dependent rceombination
eoeffieient, r(E), we used [19]

1'=1'0 [~k~Tr2,
where ro is the reeombination eoefficient at zero field = 5.9 x 10-6 em3 see-l. The reeombi-
nation deereases rapidly for small fields and levels off for fields above that of breakdown,
3.5 V/cm. Breakdown is of no eoneern in the present set of experiments beeause its
avalanehe proeess oeeurs on- a time seale T > 1 - 10 JIS.

The faet that the hot cleetron temperature is eonstrained to be smaller than T ~ 30 K,
limits " to be at least two orders of magnitude smaller than the reeombination eoeffieient
value at the same fields. As a eonseqllenee, the phellomenon of impaet ionization is not
the cause of the departure from the linear behaviour of the eOllduetivity as a funetion of
the incident power observed for the donors in this sample, Fig. 2.
Taking advantage of the faet that the departure of linearity is around -55 dB, i.e., at

laser powers far below for the population build up of the 28 level, the kinetie equations
for the eleetron population were simplified to that of the two level model, to ealculate the
photoeonduetivity results in this sample. The rate equations are

dndi = Xon¡, - (Te - XIln, (10)

where XI = "nI, and now Te = r(Na + n). This equation has the solution

Nd [X - " ]n=- --+13 +2 "+1' [
X-" ]2 1-13--+13 +4x--.
"+1' "+T

(ll)

For small photoexcitation this expression is approximated by

n = Nd (1 - ¡3)n ,
T13 - ,,(1 - 13)

( 12)

whieh provides the linear values for the photoeonduetivity whieh together with those of
Eq. (lll are used to ealculate the theoretieal ratios given by the salid lines in Fig. 3. The
I11ea...'>lIrf'd photoconductivity is then

a = 1(E)neJI, (13)

where JI is the mobility of the sample and 1(E) is a constant for each ficld that incorporates
any pertinent geometrical factor and corrcctions due to the field dependence of the dark
conductivity.
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The eompensation and the mobility of the sample are not known. It is well known
that the mobility of an eleetron in Ge is determined by elastic seattering with neutral
impurities, ionized impurities and by inelastic eleetron-phonon eollisions. These proeesses
determine the elastie and inelastic seattering lifetimes Te, Ti of Eq. (8). The eontribution
to the final mobility originating frolll eollisions with the number of ionized impurities nI
is strongly dependent on the level of photoexeitation.
The eleetron-phonon eollision eontribution to lhe mobility is well known [19] lo depend

inversely on the lattiee temperature as 2.4 x 1O-7T-3/2 em2 IV s. This results in a value
of Jlep ~ 7 X 105 em2 IV s at 9.3 K. The neutral impurities eontribution, Jln, has been
diseussed for Cu-doped Ge [20]. The authors find the theoretieal expressions available in
the literature to be inadequate and use J'n as a fitting parameler. \Ve also did so to fit
the data of Figs. 2 and 3.
The eontribution to the lllobility dependent on the eoneentratiou of ionized impurities

is given by Debye-Conwell [lO) as

BT
3
/
2

( CT
2
)

/li = -- In I + ¡-/3 '
nI n

I

C = 3fkn
- e2 .

(14)

(15 )

Equation (14) with the theoretieal eoeffieients of Eq. (15) results in too high values when
eompared with the measurements on eopper doped Ge [20]. Using their experimenlal
data, the C value of Eq. (15) and the faet that this enters in the slow varying logaritllluie
expression, one finds for BT3/2 = 2.5 X 1019 I/(em-V s) at 9.3 K. Correeting for the
electro n mass, B = 3.2 X 1019 I/(elll-V s). The nnmber ofionized irnpurities includes: the
number of ionized aeeeptors, the nlllnber of ionized eompensating donors, the number of
thermally ionized donors No, whieh depends on the eompensation [21] and the nUlllber of
photoionized donors ~ NA, i.e., nI = 2N A + No + n. The dark mobility for our sample
with /3= 2.1% results in 1.0 x 105 em2 IV s. (at 9.3 K), a value that compares well with
the mobility of a similar Cu-doped Ge (NIOb of Re£. [20]), J' = 1.02 X 105 em2 IV s, with
NA = 2.2 X 1015 em-3 bul /3= 0.8%.
The solid lines of Figs. 2 and 3 show the theoretieal fit oblained from Eqs. (6)-(14). The

only free pararneler used were the eompensation /3 and the neutral impurities mobility
J'n' The 7(£) parameter of Eq. (13) was ea!Culated from the high pholoexeitation data
at 0.1 V applied voltage, and sealed linearly for the 0.3, and I V data. For 3, 6 and
lO V 7(£) devialed from the expeeted valne. Advantage was takell of the faet that in the
fitting proeess it was found that lhe predieted position of the half valne for lhe ratio of the
ea!Cnlated eonduetivities, Eq. (11) to their linear approximalion, Eq. (12) was extremely
sensitive to the eompensalion /3, to lhe reeombination rale, whieh is fixed from our value
of ro and Eq. (9), and to a lesser exlenl 011 lhe vallle of /ln' However, lhe nneerlainty in
Uc introduces a similar one in the valne of these parameters and hellee /3= (2.1 :!: 0.9)%.
Table 1 sUlllmarizes the parameters dedueed from our measuremellts. The fit is good for
most of the observed dala, wilh some devialions belween -60 lo -50 d13. as well -30
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TABLEI. Parameters and results of the present workand comparisonwith values reported in the
literature.

Parameter
A bsorption Coeffieient

Photoeonductivity
Compensation, {3

l'

rO

This work

(1.2:!: 0.7) x 1O-12cm2
(5.8:!: 1.0) x lO-lO s

15.2 cm-I

< 0.15 cm-1

(2.1 :!: 0.9)%
1.0 x lO' cm2/V s
3 X ID' cm2/V s
10-' cm3/s

5.9 x 10-6 cm3/s

Previous works

l.l X 10-12 cm2 [6J
2 x 1O-9s [13)

8 X 10-6 cm3/s [19J
4.6 x 10-6 cm3/s [6J

to -20 dB of excitation power, for the three lower field values. These might result from
limitations of the Debye-Conwell expression, or from the empirical expressions for the hot
electrons effect on the recombination and impact ionization rates.

5. SUMMARY

\Ve have studied the saturation of the absorption coefficient and of the photoconductivity
signal of Sb and P donors in Ge for radiation of .\ = 90.09 /lm, i.e., of energy very near the
value of their ionization edges. \Ve have determined from these measurements the donor
capture cross section of electrons to be ere = (1.2:l: 0.7) X 10-12 cm2 at a temperature of
9.3 K and the relaxation time from the 28 to the 18 GS to be 721 = (5.8:!:1.0) x 10-10 s. \Ve
can understand the observed saturation effects on the photoconductivity by application of
the Debye-Conwell dependence of the mobility on the number of photoionized donors. A
strong dependence on sample compensation is observed for the ratio between the observed
photoconductivities and those expected from an extrapolation of their region of linear
dependen ce on the radiation. i. e. for small excitation powers.
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