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At high power levels a splitting of the cyclotron resonance induced
far-infrared photoconductivity in n-GaAs has been observed which
is not present in the optical absorption. This effect is attributed to
2p_. — 2p, shallow donor optical transitions which are forbidden by
electric dipole selection rules but may become allowed due to electric
stray fields caused by ionized impurities. Due to time inversion
2p_. — 2p, transitions spectrally coincide with N=0 — N=1
Landau level transitions and thus affect all optical characteristics
observed under cyclotron resonance conditions. In particular the
optical absorption is increased and photoconductivity is reduced by
accelerating the recombination of free carriers yielding different line
shapes of absorption and photoconductivity even at low intensities.
This intensity controlled free carrier recombination channel has a
significant effect on the lifetime of electrons in the N=1 Landau level.

Introduction

Cyclotron resonance induced photoconductivity in high purity
semiconductors at low temperatures shows a highly nonlinear depen-
dence on both the electric bias field and the exciting far-infrared
light intensity [1,2]. At low temperatures practically all carriers
are bound to shallow impurities yielding a very low conductance of
the sample. At a critical electric field strength free carriers gain
sufficient energy so that the carrier generation rate due to impact
ionization of shallow impurities exceeds the capture rate for low
carrier concentration resulting in a rapid increase of the current
with rising electric field. In a previous study on n-GaAs epitaxial
layers it was shown that cyclotron resonance lowers the critical
electric field of impact ionization breakdown resulting in a threshold-
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like behaviour of the photoconductivity due to cyclotron resonance
g} This observation proves that electrons in both the N=0 and

=1 Landau level contribute to impact ionization of neutral donors
whereas free elecirons are predominantly captured from the N=0
Landau level by ionized donors. Therefore optical generation of
electrons in the N=1 Landau level does not change much the impact
ionization rate, however, due to the depletion of the electron number
in the N=0 Landau band, the capture rate is reduced. Thus the
steady state electron concentration may be maintained with lower
impact ionization rate i.e. lower electric field strength.

At low temperature where the thermal generaiion of free
carriers is very low, the photoconductive signal vanishes up to a
critical optical transition probability (ccrF'). which depends on the
electric bias field and the magnetic field strength. Here ocp is the
absorption cross-section of cyclotron resonance and F the photon
flux density. For ocrF > (o¢grF). the photosignal first grows
linearly with rising intensity and finally saturates. This nonlinear
behaviour of the cyclotron resonance induced photoconductivity has
a drastic effect on the lineshape. A Lorentzian shaped absorption
cross section ocg as function of the magnetic field strength does not
yield a Lorentzian shaped signal because a non-zero signal occurs
only if ocr(B)F > (ocgF)e. The threshold-like response cuts
the Lorentzian at (ocgF). and saturation further deforms the line-
shape. Thermal generation of free carriers or, in the case where
the photon energy is larger than the binding energy of shallow
donors, photoionization of the impurities smoothens the sharp onset
of photoconductivity at the threshold yielding a superlinear increase
of the signal at low intensities.

In the present contribution we report on a new nonlinear effect
which occurs at larger intensities than applied previously [2]. At high
intensities the cyclotron resonance induced photoconductivity line
shows a splitting or, using a pictorial description, a hole is burnt into
the line just at the N=0 — N=1 Landau level transition resonance.
The effect depends on the sample and is more pronounced in
materials containing a larger concentration of ionized impurities. The
width of the splitting and the depth of the hole increase with risin
intensity. The total photoconductivity, the cyclotron resonance signa
plus the continuous background photoconductivity as a function of
intensity assumes a maximum and decreases with further increasing
intensity. Our measurements show that this effect is of purely
kinetic origin controlled by the cyclotron resonance optical transition
probability ocrF. Additionally we report for the first time on a
quantitative comparison between photoconductivity and absorption
as functions of intensity. In contrast to the photoconductivity
line, the absorption coefficient remains a smooth curve without
any indication of a line splitting or even a dip in the line center.
At high intensities the line-shape of the absorption coefficient is
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totally different from that of the photoconductivity line. Even at
low intensities where the dip in the photoconductivity line does
not occur and both line shapes are close to a Lorentzian due to

hotoionization of shallow donors the linewidths show very different
mtensity dependences.

The observed phenomena are attributed to optical transitions
between 2p. and 2p. shallow donor levels which are in resonance
with 0 — 1 Landau level transitions [3]. Free carriers in the N=0
Landau level are captured into 2p_ states of ionized donors and
subsequently optically excited into 2p, levels from where they relax
into donor ground states. This mechanism opens an additional carrier
recombination channel which reduces the lifetime of free electrons
just at the resonance magnetic field of the 0 — 1 transition and thus
decreases the conductivity of the sample. The absorption coefliecient
due to cyclotron resonance is also affected by this optically induced
recombination process. The additional absorption caused by 2p_ —
2p, transitions however compensates for the decrease of cyclotron
resonance absorption resulting in the observed difference between
photoconductivity and the apparent absorption under cyclotron
resonance conditions.

Optical transitions between 2p_ and 2p, donor states violate
electric dipole selection rules. In compensated samples however
electric dipole forbidden transitions, like e.g. the 1s - 2s transition,
are regularly observed. They occur due to the intermixing of states
having different parity and angular momenta caused by electric
stray fields of ionized 1mpurities [4]. This fact explains the sample
dependence of the strength of the dip in the photoconductivity line.

Several other mechanisms based on inelastic scattering pro-
cesses which may yield a reduction of the photosignal or even a dip
in the line have also been analyzed. However the drastic difference
between the line-shapes of photoconductivity and absorption, and,
in particular, the missing of the dip in the absorption line cannot be
explained.

We present a detailed calculation in terms of a rate equation
model including the above sketched optically controlled recombi-
nation process. Using known and plausible kinetic coefficients for
thermal and optical transitions rates the experimental results for both
photoconductivity and absorption could be reproduced in very good
agreement to the measurements.

Experimental

a) Technique

~ The measurements were carried out on high-purity n-GaAs
epitaxial layers with alloyed ohmic point contacts on opposite edges of
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the samples. The samples were mounted in an immersion cryostate
in the center of a superconducting magnet. The laser beam was
focused on the sample. Photoconductivity was measured in Faraday
configuration with the electric bias field normal to the magnetic field
by application of a fast recovery load resistor circuit. In all cases
the load resistance was chosen to be much smaller than the sample
resistance, thus the relative change of the voltage V across the sample
is proportional to the change of the sample conductance, AV/V «
AG. On the other hand, the mobility of n-GaAs at low temperature
is not much affected even for large shallow donor ionization rates
[5,6], therefore AG o« An where An is the optical generated free
electron concentration. The transmission of the epitaxial layers was
recorded synchronously to the photoconductive signal by a carbon-
glass bolometer which was placed just behind the sample.

Cyclotron resonance was excited with several laser lines between
118 pm and 570 pm using a FIR-molecular-laser pumped by an
electrically pulsed low pressure CO, laser. Measurements will be
presented for A = 118 pm of CH3OH which was the strongest laser
line available showing all phenomena most clearly. The FIR laser
cavity was tuned and an appropriate laser gas pressure was used to
obtain single line and single mode operation. The duration of the
laser pulses was 100 us, much longer than any expected relaxation
time ensuring steady state conditions during optical excitation. The
intensity of the laser beam in front of the sample was measured by a
calibrated pyroelectric detector and the intensity in the sample was
determined by taking into account reflexion losses at the front GaAs
surface. Multiple reflexions in the sample were avoided by a wedged
piece of the substrate material glued on the back face of the sample.
As the laser beam is linearly polarized, the active intensity is one
half of the total intensity because in Faraday configuration cyclotron
resonance is excited by one circular polarized component of the light.

b) Results and Discussion

The photoconductive signal and the optical transmission due to
cyclotron resonance is shown in Fig. 1 for two different samples and
various intensities I = hwF. The density of donors and compensating
acceptors Np and Ny, respectively, is given at the bottom of the
figure. The bias voltage was below the impact ionization instability
voltage but above the threshold of photoconductivity onset. The
resonance magnetic fields for 0 — 1 and 1 — 2 Landau level
transitions, indicated by arrows in Fig. 1, are different due to the
nonparabolicity of the conduction band [7]. The photoconductive
signal (Fig. 1a and c) shows up on a continuous photoconductivity
background due to non-resonant photoionization of shallow donors.
At high intensities the apparent splitting of the line growing with
rising intensity is clearly observed. The dip in the line occurs just
at 0 — 1 Landau level resonance. The line is slightly asymmetric
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because in the high magnetic field wing of the line 1 — 2 transitions
occur. The sphtting of the line is obviously smaller than the
magnetic field separation of 0 — 1 and 1 — 2 transitions for
A = 118 um [8] and it is much larger than the spin splitting
of Landau levels [9, 10, 11}, which is not resolved in the present
measurement. Thus, the cyclotron resonance splitting observed in
photoconductivity cannot be attributed to static properties of the
conduction band. The strength of the dip is strongly sample
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Fig. 1 Cyclotron resonance induced photoconductivity {a and
¢) in comparison to the optical transmission (b and d) for two
different samples. Donor and acceptor densities (Np and N,)
are given at the bottom. Resonance magnetic fields for 0 — 1
and 1 — 2 transitions are indicated by arrows. In (a) and (c)
the intensity ratio of subsequent curves from inside to outside is
1:1.4 with peak intensity 120 mW cm~2. The intensities in (b)
and (d) are 120 mW cm~2, 44 mW ¢cm~2, 15 mW cm~2 from top
to bottom.
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dependent increasing with rising density of ionized impurities at
low temperatures 2N4. This is demonstrated by the measurements
displayed in Fig. 1a in comparison to Fig. 1c. The ionized impurity
content of the sample of Fig. 1a is about 2.4 times larger than that
of Fig. 1c.

Fig. 1b and d show the optical transmission line as a function
of the magnetic field for several intensities. Obviously transmission
and therefore the absorption coeflicient does not show any splitting
or dip for both samples.

In Fig.2 oscilloscope recordings of photoconductivity pulses are
shown having been measured in the center of the 0 — 1 Landau
level transition for two different intensities. At low intensities the
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Fig. 2 Recording of the the photosignal pulse in resonance for
two different intensities.

recording linearly reproduces the temporal shape of a laser pulse. At
high intensities the signal shows a dip just in the middle of the pulse
where the intensity is largest. Thus, the dip in photoconductivity
is observed either by having constant intensity and tuning the
absorption cross section ocp(B) by the magnetic field strength
Fig. 1a) or by keeping ocr(B) constant and varying the intensity.

ence the line splitting is a kinetic effect controlled by the optical
transition probability ocr(B)F.
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Fig. 3 shows the photoconductive signal AV/V and the
absorption coefficient a as functions of intensity obtained at the
0 — 1 transition line center. Both measurements were carried out
simultaneously with the same bias voltage on the sample. The
absorption coefficient vanishes at zero intensity. Thus thermal
generation of free carriers is very small and may be neglected. As
the quantum energy of 118 pum photons is larger than the binding
energy of the 1s donor state, photoionization of shallow donors is
the major free carrier generation process below the critical cyclotron
resonance transition probability (ocpF)e, smoothing the threshold
of photoconductivity onset and yielding an increasing absorption

e

coefficient at low intensities. The intensity dependence of the
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Fig. 3 Absorption coefficient and relative photoconductivity as
functions of intensity at the resonance magnetic field of N=0
— N=1 Landau level transitions. Full and open circles are
measured, lines are calculated.

absorption coefficient « is very similar to that found by G.R. Allan
et al. [12] at zero bias voltage in n- GaAs except the fact that in the
present case a rises steeper for low intensities due to impact ionization
of donors. C.R. Allan et al. attributed the low intensity increase
of the absorption coefficient to an intensity dependent generation
process which was denoted as impact lonizatton. In fact their
model calculation and the experimental results fit into the present
scheme of photoionization. At high intensities « decreases with
incrasing intensity due to optical saturation. In this intensity range a
constant photosignal is expected, our measurements however clearly



464 Weispfenning et al.

show that the total photoconductive signal (cyclotron resonance plus
background) decreases as displayed in g]:fl‘lig. 3.

In Fig. 4 we finally show the intensity dependence of the
observed linewidths demonstrating the totally different behaviour
of photoconductivity and absorption. The half width of the pho-
toconductivity line has been evaluated at half height between the
continuous background signal and the signal at the 0 — 1 transition
line center. The measurements at highest intensities are somewhat
uncertain because of the occurence of 1 — 2 Landau level transitions.
At low intensities both half widths are practically equal whereas for
high intensities the width of the photoconductivity line grows much
faster than that of the absorption line. In both cases the linewidth
shows a linear dependence on intensity in contrast to the square root
behaviour expected for a homogeneously broadened two-level system.
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Fig. 4 Lirewidth of (a) the photoconductivity line and (b) the
absorption line as functions of intensity.

The only conceivable mechanism which explains all observed
phenomena is an additional optically induced recombination channel
which gives rise to free carriers capture by absorption of photons.
Such a mechanism decreases the sample conductance with risin
intensity and adds up to the absorption coeflicient. This optica

rocess must be in resonance with the 0 — 1 Landau level transition
aving a similar line width as the unsaturated cyclotron resonance.
These requirements are only met by optical transitions between the
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2p_ and 2p, shallow impurity levels. The energy separations of the
2p; and 2p_ levels, Fy, - Eg, and the N=1 and N=0 Landaun
levels, E, — Ey, are practically equal as can be shown by a simple
time inversion argument [3]. In the present case we assume that
electrons in the N=0 Landau level are captured in the 2p_-shallow
donor level, then they are optically excited to the 2p-level and finally
they relax to the 1s ground state partly bypassing the 2p level. High
power saturation measurements of 15— 2p, transitions showed that a
substantial fraction of 2p, electrons relax to the donor ground state
without cascading across the 2p_-level [5, 13].

Theory
a) Model

To describe the observed cyclotron resonance induced pho-
toconductivity and the absorption under cyclotron resonance con-
ditions we extend the kinetic model used previously to describe
the nonlinear photoconductivity [2] by the intensity controlled
recombination term discussed above. Additionally we iake into
account direct photoionization of shallow donors which yields the
photoconductivity background smoothing of the photoconductivity
threshold and the increase of the absorption coefficient at low
intensities. A schematic energy level diagram with arrows indicating
all radiative and nonradiative transitions is shown in of Fig. 5. The
corresponding rate equations are:

n = ocpF (ny,—ny) ~ T.fnl
fo = (0cF + nX)ny, + ocrF(ny — ng) + Tomy
(T + 19 )nopp + X3 nzp_ (v
tigp_ = Ty nopp — X3 nyp_ — 0iF (ngp_ — n3p,)

. S
Rop, = oiF (nap. — nap, ) — T§ nap,

where ng, 71, 714, n2p_, nap, and pp are populations of the N=0 and
N=1 Landau levels of the 13, 2p._ and 2p, donor states and of ionized
donors, respectively. The optical cross section of cyclotron resonance,
impurity absorption and continuous background absorption are
OcR, 0i and o, respectively. The coefficient X describes the average
impact ionization probability per electron of neutral donors. The
parameters X§, TJ, T§, and Ty denote non-radiative single electron
processes whose meaning is obvious from Fig. 5. For the sake of
simplicity we assume non-radiative transitions from the 2p; level
only to the ground state by the rate T} ngp; and neglect thermal
relaxations of 2p_ electrons. All electrons captured into the 2p_ state
go accross the 2p, level to the 1s ground state. These simplifications
somewhat overemphasize the impurity absorption induced free carrier
recombination.
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Fig. 5 Schematic energy level diagram and electron generation-
recombination processes indicated by arrows. For details see
text.

In the steady state (& = 0) and under local neutrality
condition, pp = Ny + n, the ?gee electron concentration n = ng + n;
is determined by the balance of carrier generation g(n, F') and
recombination r(n, F'):

g(n, F) = r(n, F) (2)
where N, is the density of compensating acceptors.
The rate equation Eq.(1) yields:
o(r, F) = (P4 — n)(0oF + nX) (3)
with P4 = Np ~ N, the effective donor density and:
ocrF + T:‘z'q

F)=n(N A
rim By =l A+n)2UCRF+T23 (4)
TS 6; F TS5
T: s 9 9 e 7 X TS
g ( 1+)"as(‘fif"'+fl"45)+¢7,-FT45[( +0‘;F)(0° +n )‘+ 4]

The absorption coefficient « = acg + a; of the spectrally coinciding
cyclotron resonance and the 2p_ — 2p, impurity transition is given
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by:
a = 0ocp(nrL — ) + 0i(ngp_ —ngp, )=
ocn ( %i (Na+n)Tg(1+ OCRFH)) (5)
1+ 20crFm ocrk (14 %)X;+oiF

b) Results and Discussion

The recombination rate r(n,F%‘ in Eq. (4& is of third order in
the free electron concentration n. The recombination of electrons
from the N=0 Landau level into the 1s donor ground state is taken
into account by a one-step process controlled by the coefficient 7. In
fact free electrons are captured in excited donor states and cascade
down to the ground state. High power saturation measurements of
direct photoionization and photothermal ionization of shallow donors
in n-GaAs using the UCSB Free-Electron-Laser and measurements
of photocurrent decay after short laser pulse excitation revealed a
distinct difference between the capture time of electrons, Teqpture, and
the cascade transition time Tegyeqde [5,13]. Typically Teapture = 10 ns
was observed whereas 7,g,cqde Was more than 10 times longer. Thus
even for high free carrier generation rates the concentration n remains
significantly smaller than Py = Np—N,. The saturated free electron
density is about nec = PgTecapture/(Teapture + Teascade) ~ 0.1P4. For
the present samples which are more than 50 pc compensated (see
Fig. 1), n is also much smaller than N4, n € Ny, and we may
neglect n compared to Ny in Eq. (4). Within this approximation
Eq.(2) is an easily solvable quadratic equation in n. To simplify
calculations we will keep the one step recombination process and
denote the transition time from the N=0 Landau level to the ground
state by 7y = (Tl’)_l = Teapiure + Teascade:

Before evaluating the full range of solutions of Eq. (2) we will
discuss several mechanisms which might lead to a suppression of the
photosignal or a dip in the photoconductivity line without making
use of 2p_ — 2p, transitions. Conceivable processes are generation
of longitudiual optical phonons by electrons scattered into the N=2
Landau level, inelastic scattering of N=1 electrons by neutral donors
in the 2p_ state, and laser action between the 2p, and 1s donor states
where the 2p, level is populated by capture of electrons from the
N=1 Landau Tevel. In all cases the hfetime of electrons in the upper
Landau level 5 = 5’1’2’ ~! is reduced and thus the photoconductive
signal is diminished. Emission of LO-phonons is possible because
the energy separation between the N=2 Landau level and the donor
ground state, Fy — F,, is slightly larger than the quantum energ
of LO-phonons Auwro. Inelastic collisions of N = 1 electrons witlym
donors in the 2p_ state may excite 2p, states while the free electrons
are scattered into the N=0 Landau level. Though wave vector is
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not conserved in scattering processes on lattice defects, a resonant
enhancement of the deexcitation of the N = 1 Landau level seems to
be plausible if the energy separations of the involved Landau levels
and impurity states are equal. Thus the lifetime of electrons in
the upper Landau level 79 is resonantly reduced and a dip in the
photosignal at line-center may occur. As a threshold phenomenon
laser action involving 2p; and 1s donor states limits the population
of electrons in the conduction band and therefore flattens the top of
the photoconductivity line. Experimental search for 2p, — 135 laser
radiation failed and we do not believe this mechanism being effective
in present range of pump intensity.

Neglecting the 2p_ — 2p, impurity absorption, o; = 0, we find
from Eq.(5): the relation

(14
14 20cpFny

(6)
relating the free electron concentration n to the absorption coefficient
o which is now solely due to cyclotron resonance. For the sake
of simplicity we ignore photoionization of shallow donors for the
following, o, = 0, which causes only a very small contribution to
the photosignal compared to cyclotron resonance (see Fig. 1). In the
limit of n € N4 we obtain the well known solution of Eq. (2) [2].

Qa = acRr = OcR

MF)=0 for ocrF < (0crF).
ocrF — (0cRF ).
1+ F|/F,

n(F) = nPaTets for ocpF > (OCRF)C (7)

exhibiting the threshold behaviour of the optically generated electron
density n(F). The optical transition probability at threshold is
given by (6crF). = T {(T)Na — XP4)[{(2XP4 — T!Ny). F, =
(ocRTets)” ! is the saturation photon flux density where 7.4p =
72[(2X + T¢)/(X +T/)] is the average time that free carriers excited
into the conduction band by the combined effect of impact ionization
and cyclotron resonance require to return to the donor ground state,
and n = (2X — T N4/Py)[(2X + Tq is a dimensionless quantum
efficiency. The base width of the cyclotron resonance line ABcps
depends on F as

IcRot 1/2
(OCRF)C 1) (8)

where ABcg is the unsaturated half width and ocpg, ist the peak
value of the cross section ocr(B). The photoconductivity line
vanishes for F < (0crF)e/0cRro and thus the base width vanishes
too.

ABcp = ABCR(
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Eig. 6 Calculated photoconductive signal (a) and optical trans-
mission (b) for the experimental conditions of Fig. 1a and b.
The calculation is based on the parameters: XPA/TISN 4 =
0.7, TS JTS Ny = 0.02, X5 [T3N4 = 05, T5 |TF = 0.002, T TSN, =
0.002, oiofocre = 0.5, oyfocre = 2-107*, ABcg = 35 mT,
AB; = 40 mT.
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Generally above threshold n(F) « 7, o 7 holds. On the
other hand, after Eq.(6) « is proportional to n{F) and thus a «
79. This shows that any spectral structure in the photoconductivity
signal caused by a magnetic field dependence of the electron lifetimes
T2 OF Ty must be reproduced in the absorption line. Hence lifetime
limiting scattering processes, even in resonance with the 2p; - 2p_
energy separation, may explain the line shape of photoconductivity
however not that of the observed optical transmission.

Because of the interference of cyclotron resonance and impurity
absorption and as the absorption coefficient vanishes in the limit
F—0, 6cro cannot be determined from transmission measurements.
Therefore the cross section of N=0 — N=1 transitions was calcu-
lated after [14] yielding ocro = 4.9 - 1072e¢m?.  The linewidth
Awcr was obtained by extrapolating the measurements displayed
in Fig. 4 to zero intensity and by evaluating the base width of the
photoconductivity line at low intensities according to Eq.(8). In
both cases ABcr = 35mT was found. Solutions of Eq.(2) were
numerically calculated and the kinetic coefficients were varied to
obtain the best fit to the observed photoconductive signal and optical
transmission. As the spectral shape and the intensity dependence
of both quantities put stringent bounds on the rate constants, a
unique set of coefficient was found in spite of the large number
of parameters in the fitting procedure. In Fig. 6 the numerically
determined photoconductivity and the transmission of the sample
are plotted as functions of the magnetic field strength for various
intensities corresponding to the measurements of Fig. 1a and 1b.
The nonradiative transition probabilities, the cross sections oy
and o, and the linewidth AB; expressed in units of TISN 4, CCRo,
and ABcpg, respectively, are given in the figure caption. The
calculated transmission is in very good quantitative agreement to
the measurements shown in Fig. 1b and, by proper choice of the
ordinate scale, the calculated photoconductivity curves can be made
practically coinciding with tll)le experimental results displayed in
arbitrary units in Fig. 1a. The calculated photoconductivity and
absorption coefficient at the resonance center and the linewidths are
shown as functions of intensity in Figs. 3 and 4, respectively, as
full lines together with the experimental results. Again excelleni
agreement between measurements and theoretical results is found.

In Figs. 7 and 8 we demonstirate how the impurity absorption
induced resonant free electron recombination affects the photocon-
ductivity line and the absorption coefficient. The calculations are
carried out for the largest intensity of Fig. 6 corresponding to
F =11.-TJozh, = 0.01-T}o;,'. Thus the intensity is significantly
higher than the saturation intensity of 0 — 1 Landau level transitions
bemng T - (thRO'CRo)_I but still much smaller than the saturation
intensity of 2p_ — 2p.. optical excitations, T} - (Awcroio)™", where
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Fig. 7 Calculated photoconductivity line for the parameter set
of Fig. 6 and photon flux density F = 11-Tfogk, = 0.01-T}o !,
(a) without shallow donor absorption, ¢; = 0, and (b) with
shallow donor absorption induced free electron recombination,
Oi0 = 0.50¢0 0. Linewidth AB is indicated.

hwcg is the cyclotron resonance quantum energy which is equal to
Eyp, —F3,_. Figs. 7a and 8a show the photosignal and the absorption
coeﬁ'icient, respectively, without impurity absorption, o; = 0. Letting
gjp = 0.50¢cpe we find Fig. 7b for the photoconductivity line, Fig.
8b for the absorption coefficient acp of the cyclotron resonance
alone, and Fig. 8c for the total absorption coefficient under cyclotron
resonance conditions o = agg + ¢;.

Fig. 8b corresponds to the situation where a resonant free
carrier recombination mechanism is active which, however, does not
lead to an additional absorption of photons in resonance to N=0 —
N=1 Landau level transitions. In this case the apparent line splittin
is present in both the photosignal and the absorption line §Fig. 7b a,n§
8b) supporting the conclusions of the above discussion of free carrier
lifetime limiting processes which do not involve 2p_ — 2p, donor
transitions. The total absorption coeflicient (Fig. 8¢) is dominated by
the impurity absorption because the Landau level transition is almost
saturated. The reason why the photoconductivity line broadens much
faster than the absorption line with rising intensity is obvious from
Figs. 7b and 8c. The intensity dependent free carrier recombination
reduces the photoconductive signal in comparison to the case of no-
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Fig. 8 Calculated absorption line to be compared to the photo-
conductivity line in Fig. 7. (a) Cyclotron resonance absorption
a = aeg without shallow donor transitions, o; = 0, (b)
Cyclotron resonance absorption a = acggp with ¢; = 0.50¢Re,
(c% total absorption under cyclotron resonance condition a =
acr + o; for ajp = 0.5acre. Linewidth AB is indicated.

donor-absorption, a; = 0 (Fig. 7), and thus increases A B wheras the
donor absorption increases the absorption coefficient (Fig. 8) keeping
A B practically equal to the slowly saturating width ofg 20— 2py
transitions.

From the fitting procedures we essentially obtained the peak
absorption cross section o;, = 0.5 ocpo, the unsaturated linewidth
AB; = 40 mT of the 2p_ — 2p, donor transition, and the lifetime
of electrons in the N = 1 Landau level 7 = (T4)™! = 30 ns. 0ig
is about 5 times the optical absorption cross section of 1s —2s
shallow donor transitions being likewise electrical dipole forbidden.
This seems to be quite large, we have to keep in mind however
that the model calculations were simplified by omitting relaxation
of electrons from the 2p_ level directly into the donor ground state.
Including this latter process would reduce the optical transition rate
inside the donor system being necessary to describe the observed
phenomena. The experimental data, however, do not allow to fix
a unique branching rate of optical 2p- — 2p; and non-radiative
2p_ — ls transitions. On the other hand, the lifetime 75 depends
only on the gross free carrier recombination rate being unafected
by the details of the recombination process. Thus 79 is a properly
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measured quantity which can only be determined by evaluating the
intensity dependence of both the photoconductive signal and the
absorption coefficient in the framework of a kinetic model which
takes into account an optically induced acceleration of free carrier
recombination by absorbing photons in resonance with 0 — 1 Landau
level transitions. Neglecting the shallow donor absorption simulates
a too large cyclotron resonance absorption coeflicient yielding a too
small lifetime of electrons in the N=1 Landau level. In the present
case Ty turns out to be about 15 times larger than it would be without
the impurity transition.

Conclusion

In summary our results show that photoconductivity and
optical absorption under cyclotron resonance conditions in high
purity n-GaAs are more complex than it has been assumed previously.
As cyclotron resonance can only be measured with non zero free
electron concentration, and because the 2p_ shallow donor level
remains below the N=0 Landau level for all magnetic field strengths,
a certain population of 2p_ states must be present and thus the
interference between both absorption processes is unavoidable as lon
as 2p_ — 2p; electric dipole transitions are activated by ionize§
impuritics. This interference gets most drastically manifest at high
intensities causing an apparent splitting of the photoconductivity
line. Even at ?ower intensities however when the dip in the
photoconductivity line is not observable, all optical characteristics
previously attributed to cyclotron resonance are affected by the
shallow donor absorption. The energy separation Eg, — Egp_ of
shallow donors in a magnetic field is exactly equal to hwcpg onfy for
isolated impurities in the effective mass approximation. The same
electric stray field of ionized impurities which cause the activation
of 2p_ — 2p, absorption may shift the donor energy levels due to
stark effect. For magnetic field strengths B < 1 T a field dependent
deviation of Egp, — Eip_ from the cyclotron resonance quantum
energy was observed [15] amounting up to 8 pc. In this case we
expect that the peak positions of photoconductivity and absorption
do not spectrally coincide and do not occur at the resonance magnetic
field strength of 0 — 1 Landau level transitions. Thus effective
masses determined by standard cyclotron resonance methods at low
magnetic fields may be incorrect by a few percent.
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