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The saturation of the photoconductivity due to Is-2p+
shallow donor transitions in n-GaAs has been investigated
using a high power cw-FIR-laser. Magnetic field strengths
were chosen in such a way that 2p+ energy levels were either
below or above the N = O conduction band Landau level. In
the former case Is-2p+ transitions are found to be inhomogeneously broadened with a saturation intensity as low as
0.84 mW/cm 2, giving an effective lifetime of the 2p+ state
of 1.5 ~s. Above the band edge the integrated photoconduetivity does not saturate though the intensity-normalized
peak photosignal decreases and the linewidth increases with
raising intensity. This strange behaviour is tentatively
attributed to optical excitations of 2p+ electrons to
higher lying electron Landau states.
Key word:
semiconductors, epitaxial GaAs, shallow donors,
nonlinear photoconductivity, power broadening.

561
0 | 95-9271/83/07004)561 $03.00/0 9 1983 P l e n u m Publis bing Corporafi on

562

Prettl et al.

Introduction
High power far-infrared (FIR) lasers enable the application of nonlinear spectroscopic methods in the long wavelength infrared spectral range. Several investigations of
nonlinear optical phenomena including the saturation of
cyclotron resonance and impurity transitions in semiconductors [1,2,3], two photon absorption [4], and second
harmonic generation [5] have been performed, using TEA laserpumped systems. In a previous paper we reported on cw FIR
nonlinear magnetoabsorption of Is-2p+ shallow donor transitions in high purity epitaxial n-GaAs [6]. Saturation
intensities ten times lower than deduced from earlier pulsed
laser experiments [3] and correspondingly long lifetimes of
the 2p+ state were observed, showing that it is essential
to use cw lasers for these studies. Further dramatic changes
of the 2p+ state lifetime could be attributed to a new
effect, the optical magnetoimpurity resonance (OMR).
In the present work we give an account of the nonlinear
photoconductivity due to Is-2p+ donor transitions. As in the
case of absorption, the saturation behaviour was found to
change drastically with magnetic field. For the 2p+ state
below the conduction band the intensity dependence of the
resonant photoconductive signal can be described with high
accuracy in terms of an inhomogeneously broadened line,
allowing the measurement of the 2p+ state lifetime. In the
case of the 2p+ state lying in the conduction band no
saturation of the integrated normalized photoconductivity
could be observed within the available FIR intensity range.
This behaviour must result from additional optical excitations of electrons from the upper state, probably in
connection with the OMR, whose details cannot be determined
from the present experiments.
The intensity dependence of the photoconductivity is
discussed in terms of a three level model taking into account
the Is ground state, the 2p+ state and the N = O Landau subband. The effective lifetime of the 2p+ state is evaluated
in terms of the 2p+ to Is phonon transition lifetime, the
2p+ to conduction band transfer rate, and the conduction
band to Is ground state lifetime.
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Technique

The nonlinear photoconductivity was measured in an epitaxial layer of 59 ~m thickness having a donor concentration
of N D = 2.76"1014 cm -3 and a rather large compensation ratio
K = NA/N D = 0.85, where N A is the density of acceptors. The
sample was mounted in a metallic light pipe at the center of
a superconducting solenoid and immersed in liquid helium at
4.2 K. The measurements were performed in the Faraday configuration with the electric field perpendicular to the
magnetic field. A high power Edinburgh Instruments optically
pumped FIR laser, operated either cw or with controlled pulse
lengths, was applied using CH30H laser lines. In pulsed
measurements the pulse duration was adjusted to be longer
than any expected relaxation time ensuring steady state
conditions during optical excitation. The FIR intensity in
the sample was determined by a calibrated pyroelectric
detector taking into account the losses of the light pipe
and the reflection at the crystal surface. Due to light pipe
optics the sample was subjected to unpolarized radiation.
Therefore the effective intensity was one half of the total
intensity in the sample, because circular polarized radiation only is absorbed in Faraday configuration~
The photoconductivity was recorded by standard lock-in
techniques applying a fast response circuit. The bias voltage
was taken in the ohmic range of the current voltage characteristic, avoiding impact ionization nonlinearities [7]. In
all measurements the same bias voltage was applied in order
to obtain comparable quantitative results.

Experimental

Results

The 2p+ level of shallow donors in GaAs crosses the
N = O conduction band Landau level at a magnetic field
slightly below B = 2 T [8]. The photoconductivity was
measured as a function of the magnetic field strength for
various FIR intensities at three different wavelengths
% = 186 ~m, 164 ~m and 152 ~m corresponding to the 2p+
level being below the conduction band, slightly above level
crossing, and well
in the lowest Landau subband, respectively. The Is-2p+ transitions occuring for these wavelengths at B = 1.4 T, 2.0 T and 2.4 T, respectively, are
shown in Fig. ! together with computed donor and conduction
band Landau levels [8].
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Figure I. Magnetic fields dependence of
shallow donor states and Landau levels
(after Ref. 8) and Is-2p+ transitions
measured at three different photon energies.

Photoconductivity at low intensities varies linearly
with the intensity I. Therefore saturation effects are
most clearly illustrated by considering the photoconductive
signal divided by the intensity, which will be called
normalized photoconductivity. A typical measurement of the
relative normalized photoconductivity, Ao/oI, at ~ = 164 ~m
is plotted in Fig. 2 for three different intensities, showing
the saturation of the resonant signal. The excitation of
2p+ states is observed as a narrow line on a continuous
background, which did not saturate within the applied intensity range. The background signal is assumed to be due
to photoionization of thermally excited electron states. The
normalized peak photo voltage, AV/I, is shown in Fig. 3 as a
function of intensity. The most drastic saturation of the
peak signal is found at % = 186 ~m where the 2p+ level is
below the conduction band. For all three wavelengths and all
applied intensities the line shape of the resonant signal
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Figure 2. Relative normalized photoconductivity due to
]s-2p+ transitions as a function of the magnetic field for
three different FIR intensities at X = 164 pm.
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Figure 3. Normalized peak photoconductive voltage, AV/I,
as a function of intensity I for three different wavelengths
(AV after 40 dB amplification). The insert shows the optical
transitions with respect to the involved energy levels.
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Figure 4. Linewidth of the ]s-2p+ photoconductive
resonance as a function of intensity for three
wavelengths.
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Figure 5.
Integrated normalized photoconductivity
I-IfAVdB versus intensity. The full line for 186 pm
is calculatedtthe broken lines for % = ]64 pm and
152 pm are only guide lines for the eye.
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was very close to a Lorentzian curve. The measured full width
at half maximum height above the background (AB) is plotted
as a function of intensity in Fig. 4. The linewidth increases
most strongly at % = 164 ~m i.e. where the 2p+ state is very
close to level crossing; it is more than tripled at the
highest available intensity. In Fig. 5 the integrated normalized photoconductive signal I-IfAV dB is displayed versus
intensity. This plot shows the important result that true
saturation of the photoconductivity occurs at % = 186 ~m
only. In the cases of the 2p+ level being in the band
(% = 164 ~m and 152 ~m) the decrease of the normalized peak
signal with intensity is more or less compensated by the
broadening of the line.

Theory and Discussion
The observed linewidth at low intensities is of the
order of AB = 30 mT. Because the energy separation
E2p + - E1s depends linearly on the magnetic field strength
B in the applied range of B, having a slope of
d(E2p - Els)/dB ~ 13 cm -I T-I[9],

the magnetic field scale

may be converted into a wave number scale giving A~ =
0.39 cm -I. This width corresponds to the typical central
cell splitting of shallow donors in GaAs [10,11,12] showing
that the sample under investigation contained predominantly
one chemical donor species only.
Shallow impurity transition lines in highly compensated
semiconductors are inhomogeneously broadened due to the
electric field of ionized donors and acceptors. According
to the theory of Larsen [13] randomly distributed charged
impurities may lead to Lorentzian line shapes as observed
in the present investigation, if the energy level shifts
are mainly caused by a quadrupole interaction. The inhomogeneous linewidth A~i is proportional to the concentration
of charged impurities N, A w i = N. Optical and thermal
ionizatlon of neutral donors raises N and thus increases
A~i" N may rise from its low temperature value N = 2NA up
to N = N D + N A if all donors are ionized. In the present
sample of compensation ratio K = 0.89 the linewidth can
broaden due to this mechanism at most by a factor I.I
which is too small to explain the measured large linewidth
increase. In other work line broadening of excited state
transitions by about a factor of 2 was observed on raising
the temperature from 4.2 K to I0 K. This large effect was
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explained by taking into account the variation of the
spatial correlation of ionized donors and acceptors due
to temperature dependent phonon-assisted hopping of electrons from neutral to ionized donors [14]. We estimated the
heating of our sample assuming that the total laser power
is absorbed and the thermal energy loss is achieved by
ballistic phonon transport to the crystal surfaces. Therewith we found that even for the highest applied intensity
the temperature rises by less than I K, which is again too
small to affect measurably the linewidth. Thus we conclude
that in our measurements power broadening of the homogeneous width due to depletion of the ground state population must be the main reason for the observed line
broadening.
The saturation characteristics of the resonant photoconductivity will be discussed on the basis of a three
level model [1,2] schematically outlined in Fig. 6 for the
case of % = 186 Dm where the 2p+ energy level is below the
conduction band. An electron excited into the 2p+ state
(rate X o) may either relax directly into the Is ground
state (rate To) , or can be transferred into the conduction
band (rate XI) and then be trapped by an ionized donor
(rate T 1 times the concentration of positive donors pD ).
The rate equations are given by
(I)

dn/dt

=

X I ~-

n T 1 PD

(2)

d~/dt

=

X ~ nD - T o ~

(3)

dnD/dt = -Xo nD + T o ~

- X1
+ n T 1 PD

2p§
Figure 6. Schematic diagram
of Is, 2p+, and N = O Landau
subband three-level system at
1.4 T corresponding to % =
186 ~m. Rate constants are
described in the text.
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n D and PD are the concentrations

of electrons

in the conduction band, Is ground state, 2p+ excited state
and ionized donors. At low temperature ignoring thermal
excitation X o is given by X o = o(co)I/~co, where o(co), I and
~co are the optical cross-section, radiation intensity and
photon energy. We assume o(co) to be
71"

(4)

O(co) = ~

Oo Acoh SACOh (co-C~

Here o o and kcoh is the peak cross-section and the homogeneous width, respectively, and

1
kcoh
SAcoh (co-coo) = 2---r~ (w_C0o)+2 (k_~_~h)2

(5)

is a Lorentzian of halfwidth Acoh being centered at coo
corresponding to the 2p+-]s energy difference. The relaxation constant T o may be written as T o = go + o(co)I/~w,
where the first term refers to thermal relaxation and the
second term to stimulated emission.
Under steady state conditions, taking into account
the conservation of total donor number N D = n D + ~ + PD and
considering

local neutrality PA = ND - NA = n D

+ n~ + n,

Eqs.(])-(3) can be solved. The free carrier concentration
is determined by:
Xo
(6)

XI

(PA-n)

nT! (NA + n) =
To + X o

+XI

At low temperature in the linear limit, where n<<NA~ the
photoexcited electron concentration divided by the intensity n/I, being proportional to the normalized photoconductivity, is found to be
(7)

n(co)
I

=

n PA o(co)
1 + Tef f 2o(co)I/hco

with

n

= X 1 (~co T 1 N A (~o + XI )}-I

and
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X1 + 2T 1 N A
(8)

Tef f
2 T 1 N A ( L + XI)

the effective lifetime of the 2p+ state. Using Eqs. (4) and
(5), n/l in Eq. (7) may be rewritten as
(9)

n(m)
I

-

n PA ~

I -I ~
(~-w)
A~(I + T - )
~ SAn
o
S

where I s = ~ o

(Teff2~

is the saturation intensity and

SA~ is a Lorentzian of halfwidth An = A~ h (I +-i--)

112

S

This result shows that linearization of Eq. (6) simply reduces the three level model to an effective two level system
of upper state lifetime T
eff"
Taking into account the inhomogeneous broadening we
must fold n/I by the distribution of frequencies ~o which
itself is assumed to be of Lorentzian form of halfwidth A~ i.
Owing to the fact that folding of two Lorentzian functions
reproduces a Lorentzian of added halfwidths, we finally find
for n/I the same expression as given in Eq. (9) except that
A~ is replaced by A ~ w i t h

(10)

A~

= A~.l + A~ = A~i + A~h (1 + T) I- 1/2
S

Then the peak normalized electron concentration is given
by:

(11)

n(~o)

~ PA ~

A~h

and the integrated normalized electron concentration is
found to be
(12)

I-I / n(~)dm = n PA ~

I -I/2 ~ A~h
(I +T-)
S

having the expected intensity dependence of an inhomogeneously broadened line.
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Using the last three equations the observed saturation
at % = 186 ~m could be fitted by taking A~o = 0.39 cm -I
i

30 mT, A~ h = 0.07 cm -I ~ 5.4 mT and Is = 0.84 mW cm -2. The
excellent agreement with the experimental results is
demonstrated in Fig. 5 and Figs. 7 and 8 where the calculated intensity dependence of the normalized peak photosignal
and the linewidth are plotted, respectively, together with
the measured values.
The optical peak cross-section o o at % = 186 ~m was
determined by transmission measurements [6] to be o o =
4.1-10 -13 cm 2. This allows the evaluation of the effective
lifetime T e f f = ~ o ( I s 2OO)--I yielding ~eff = 1.5 ~s being
about two orders of magnitude longer than obtained in
previous pulsed laser experiments [3]. To account for'the
significance of this result we note that the 2p+ to Is
phonon transition lifetime (~o) -I was derived to be of the
order of lO ~s [15,3]. On the other hand it was shown by
measuring the temperature dependence of the photoconductivity
that at 4.2 K and at B = 0 almost all 2p electrons are
thermally excited to the conduction band, hence X;>>~ o [16].
Assuming this relation to be valid also at a finite magnetic
field strength, Tef f defined in Eq. (8) may be approximated
by Tef f -- (XI)-I + (2TINA)-I. Thus Tef f as measured by the
present experiment gives an upper limit of the low temperature conduction band to ground state lifetime (TINA) -I. This
quantity
is dependent on the acceptor concentration and may
vary in a wide range. It is mainly determined by the 2s-ls
thermal transition rate. Comparably long lifetimes as found
in the present investigation were observed by F. Brown et al.
in transient high power photoconductivity
of n-GaAs [17].
The experimental results at % = 164 ~m and 152 ~m,
where the 2p+ level is in the N = 0 Landau band, are in
complete contrast to the clear situation at % = 186 ~m. The
intensity dependences of the measured quantities cannot be
fitted by the model discussed above. Even at low intensity,
where the linear approximation of Eq.(6) certainly holds, no
consistent description is possible. As the integral photoconductivity does not saturate we suspect that an additional
optical excitation of 2p+ electrons occurs. This would
formally give an intensity dependent rate coefficient X 1
raising the photosignal and decreasing Tef f. We point out
that the energy separation of the N = 2 Landau level and the
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2p+ state closely approaches the photon energy with increasing magnetic field strength above 1.4 T (~ = 186 ~m).
Hence optical transitions from the 2p+ level to impurity
states connected with the N = 2 Landau subband may raise X 1
with intensity. In addition at % = 152 ~m corresponding
B = 2.4 T the 2p_ - ls magnetoimpurity resonance occurs exciting free carriers into the N = 1 Landau level. Both processes contribute to a hot electron population in increasing
the electron mobility. Therefore resonant photoconductivity
may also be caused by altering the mobility. Such excitation
most strongly affects the strength of the photosignal which
is dependent on the scattering and relaxation times of free
carriers whereas the linewidth might still be a reasonable
probe of the upper state lifetime. Thus we infer from the
measured line broadening shown in Fig. 5 that the 2p+ state
lives longest at B = 2.0 T (% = 164 ~m). This conclusion
precisely agrees with the results of previously performed
nonlinear magnetoabsorption measurements [6]. The long lifetime at 164 ~m in contrast to the other two wavelengths is
consistantly explained by the fact that the 2p_- Is transition is far off any magnetoimpurity resonance.
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