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Free electron laser saturation spectroscopy of neutral donors and
negative donor ions confined in GaAs/AlGaAs quantum wells
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Saturation of the B1s-2p" transition, the D-singlet transition and CR has been studied in
donor (Si)-doped GaAs/AlGaAs multiple-quantum-well samples by magneto-transmission
and magneto-photoconductivity measurements with the UCSB free electron laser. Effective
lifetimes of the [ 1s-2p-transition were found to vary systematically with laser frequency,
decreasing from 62 ns at 84 ctto 3 ns at 124 cm'. The absorption coefficient of the
D~-singlet transition initially increased by up to 40% and showed complete quenching at
higher laser powers.
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High-power far infrared (FIR) lasers enable the application of non-linear spectroscopic methods in the far
infrared spectral range. Investigations of non-linear optical phenomena including the saturation of cyclotron
resonance and impurity transitions in semiconductors have been carried out for many years. Saturation spec-
troscopy has been used to determine the lifetime of confinement states in multiple quantum well (MQW)
structureq12], shallow hydrogenic impurity states in bulk semiconduc{@rs, 4, 11] and the lifetime of
Landau levels in bulk GaAH., 13], InSb[14] and in GaAs/AlGaAs single heterostructuf2sl5] and very
recently in GaAs/AlGaAs MQWAEL6, 17] Most of the early work on saturation was restricted to relatively
low intensities for continuous wave (CW) or relatively short pulse widths for higher intensities. Only recently
have tunable high power FIR light sources like free electron lasers (FEL) become available to researchers.

We have applied FEL saturation spectroscopy to doped quantum well (QW) to investigate lifetimes of
various impurity states in semiconductor quantum wells. Two donor (Si)-doped GaAs/AlGaAs multiple-
quantum-well samples (well width 208) were investigated with the Free Electron Laser at the University
of Santa Barbara (FEL at UCSB): A well-center-doped sample (Si-atl2'® cm~2?), S1; and a well-and-
barrier-doped sample (Si well/barrier2/3.5 x 10'° cm2), S2. Both transmission and photoconductivity
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Fig. 1. Transmittance versuB for S1 at 84 cm? for several FEL laser power densities at 12 K. Saturation of thes=2p" transition
and CR is observable. Inset: Schematic of the three-level model discussed in the text.

measurements were performed simultaneously for tha$2p" transition in S1. The long pulse width
(2.6 us) of the FEL, which is much longer than the expected lifetime (order of 10 ns) of the excited states of
donors, assured a quasi-steady state condition of the system. The FEL is tunable and is capable of very high
intensity (up to tens of kW cnit) over the wave length range from 1mm to jZfh.

Transmission versus magnetic field data for S1 for various FEL power densities at 84u@mplotted in
Fig. 1. At the lowest FEL power (2.86 mW crf), only the ¥ 1s-2p" transition is observable, as expected
in this well-only-doped sample at low temperature (12 K). As the laser intensity is increased, the change in
transmission of the D1s-2p" transition decreases and there is no observable line above 12-W; @R
appears at 183 mW crd and increases in strength up to 137 W-é&gand then starts to saturate with apparent
line-width broadening. This behavior is qualitatively the same as that of bulk donors in [GRASmilar
behavior was observed at 114 thand 124 cm. Due to the limited magnetic field (8 T), it was possible to
study only the saturation of the[1s-2p" transition for these laser lines.

We analyse the results with a three-level model in which an electron excited intothedtp (rateXp)
may either relax directly back to the 1s ground state (Fa)e or may be transferred directly to tié = 0
Landau level (LL) (rateX; times the fraction of empty statég — n)/gintheN = 0 LL, whereg andn are
Landau level degeneracy and the density of electrons iNtheO LL, respectively) and then be captured by
an ionized donor (rat€'; times the fraction of ionized donors /Np). A schematic diagram of the model
for B > 4 T is shown in the inset to Fig. 1. This model is identical to that used to analyse the btk Zp"
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transition[1, 11], but the parameters should be different, since in 3D each Landau level has a continuum of
states (corresponding ky'/B) above the bottom, which lies & = (n + 1/2)wc, Whereas in quasi-2D each
Landau level is discrete with degeneragyin the absence of broadening. The rate equations for this model
may be written as

dnp/dt = —Xonp + Xonk + Confy + T'in(pp/Np), (1)
dnpy/dt = Xgnp — Xenp — Fony — X1ng((9 — n)/9), (2
dn/dt = Xinj((@ —n)/g) — I'1n(pp/Np), 3

wheren, np, nf, and pp are the sheet densities of electrons in the= 0 Landau level, the 1s ground state

and 2p excited states of the neutral donor, and of ionized donory,(Eespectively. The second term in

egns (1) and (2) represents stimulated photon emission, and we have ignored spontaneous photon emission
from 2p* to 1s states. The excitation rate is given by

Xo =0 /hw, (4)

whereo, |, andw are the optical cross section, the intensity of the laser beam just inside the sample, and the
photon energy, respectively. The absorption coefficient for the Tst#2msition in the presence of radiation
may be written as

a=o(Np —Np), )

and making use of eqns (1)—(5) in the steady-statgdt = dnj, /dt = dnp/dt = 0, with the condition of
conservation of the total density of donofdy) and electronsN)), it can be expressed as a function of the

laser intensity. It is instructive to consider some limiting cases. FirBt, i Xy, electronsinthéN = 0 LL

would relax with ratel’; which is much faster than the electron transfer rate from thes?ate ;). In this

case electrons do not accumulate in khe- O LL, and this system is effectively a two level system with two
parallel relaxation processes with raig@sand X;. This is the usual saturation process which is determined

by the equilibrium between the pure absorption and the stimulated emission processes between the ground
and the excited states. At sufficiently high laser intensity, half of the electrons in the ground state will be
transferred to the excited state. The effective lifetime of the saturation process is,(I'g + X1)~L. The
absorption coefficient is given by

a=ao/(1+1/1y), (6)

where the saturation intensitl, = hw /20 ¢, is the laser intensity when the absorption coefficient becomes
the half the linear value. These two processes are not experimentally distinguishable; therefore, the rates
cannot be obtained separately from experimental data. In the other extremEcaseX,, electrons in the
N = 0 LL relax to the donor ground state (1s) with r&tewhich is much slower than the electron transfer
rate (X;) from the 2" state. Therefore electrons accumulate inkhe- 0 LL at high laser intensity. In this
case, the saturation process is very different from the usual two level saturation; i.e. it is dominated by electron
transfer from the ground state to thie= 0 LL, and the density of electrons in the excited state and the effect
of stimulated emission are negligible. At sufficiently high laser intenaltythe electrons in the ground state
are eventually transferred to tie= O LL in contrast to the usual case, for which ohiglf of the electrons
are transferred to the excited state. In the cadé,of X3, the saturation process is a combination of these
two limiting cases. At very high laser intensity, electrons are distributed among all three levels with the same
order of magnitude; i.e. some of the electrons accumulate iNtkeO LL with an equal density of electrons
in the ground and excited states of donors. It should be noted that except for the first case, the saturation
process cannot be described by an effective lifetirag).

Results for the absorption coefficient versus laser power density are shown in Fig. 2 for three FEL photon
energies. The peak absorption coefficieptat low laser power density increases as the resonance field B
increases (or as the energy of the laser line increases), as expected f8rithe@® transition. Due to the
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Fig. 2. Absorption coefficient of the B1s-2p" transition for S1 as a function of FEL power density at various laser lines. The solid
lines are the best fit from eqn (6). Inset: energy level diagram for thapD state and thé = 0 LL for a 200A GaAs QW.

scatter of the absorption strength data at 114%camd 124 cm® with the FEL at low laser power, the values
used for fitting were fixed by linear spectroscopy measurements with an optically pumped FIR laser and
a BOMEM FTIR spectrometer. If we assume that the saturation process can be described by an effective
lifetime, which is equivalent to the conditiolr; > X;, as explained above, the effective lifetimegg, of
the O 1s-2p" state can be deduced from the data by fitting with eqn (6). The values; abtained in
this measurement decrease as laser frequency (and thus the magnetic field for resonance) increases (60 ns at
84 cnr!to 3 ns at 124 cmt).

Now let us discuss the physical meaninggf. The direct 2p to 1s lifetime via phonon emission for bulk
GaAs is calculated to be of the order of 28[18, 19], and it is assumed to have a similar order of magnitude
for the quasi-2D case, much longer than the effective lifetimes measured here. If we éBsurheg (X1)72,
the rate-limiting process is the transfer of electrons intoNhe: 0 LL, and zer &~ (X1) L. In this case, the
qualitative behavior ofer can be understood by considering the energy separation betweeh 2p& Btate
andN = O LL as shown in the inset to Fig. 2. Tl = 0 LL and the 2p level cross near 4 T. Therefore the
decay process from the 2po theN = O LL for B < 4 T is governed by absorption of acoustic phonons, and
for B > 4 T by emission of acoustic phonons. At low temperaturg( K) the number of acoustic phonons in
the system is small, which means that the acoustic phonon emission process will dominate over the absorption
process. Therefore relaxation from the2gtate should be faster for fields4 T than for fields< 4 T. The
observation of a very long lifetime at 84 chcompared to that at 114 cthand 124 cm? is probably due
to the larger energy separation betweenhhe- 0 LL and the ¥ 2p* state. Our results for the saturation of



Superlattices and Microstructures, Vol. 21, No. 2, 1997 245

0.07

S2 84 cm™!

0.06 —

0.05 —

0.04 —

0.03 —

0.02 —

Absorption coefficient (In (Ty-7)/T))

0.01 —

.00
1E-3 0.01 0.1 1 10 100
FEL power (W em™?)

Fig. 3. Absorption coefficient of the D singlet transition for S2 at 84 cm as a function of FEL intensity.

the O 1s-2p transition in MQWs show similar behavior to that in uncompensated bulk GHAbut they
are significantly different from that in the compensated (high value of acceptor concentigtidherefore
large concentration of ionized donorsy, at low temperature) caggl].

For the 84 cm? line the data are fit reasonably well withg. Different behavior is found for the 114 crh
and 124 cm? lines in Fig. 2. Eqn (6) does not give a very good overall fit to the data for these cases. The
measured absorption coefficients are systematically lower than the fitted curve at low (fdbser power,
and systematically higher at high laser power. This can not be explained by simply adjysling clear
from eqn (6) that for a giveny, varying ls does not change the functional formaafi.e. it can only change
the offset in the power density on the logarithmic scale, but it cannot change the overall width of the saturation
range. To understand this behavior we have performed a full numerical optimization with the 3-level model.
The numerical results show that the experimental data at 114 anul 124 cm* can be simulated reasonably
only if a significant electron density accumulates in the= 0 LL at high laser intensity (or equivalently
'y < X3). We believe that this process dominates at fields for whi@pf > E(N = 0 LL). In this case,
we can obtain an estimate fo: 3 ns< (I'1)~! ~ 10 ns< 60 ns. Due to scatter in the data, the ratgs
andI'g are poorly defined.

Photoconductivity measurements of th Ds-2p" transition were also carried out for S1 at the same
time (in situ) as transmission, and show rather different behavior; i.e. even though the transmission data
show complete quenching, the photoconductivity measurements still show significant transition strength at
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high laser intensities. This difference is due to the fact that the photoconductivity signal is proportional to the
density of electronsinthid = O LL, butisindependent of the stimulated emission process, while transmission
measurements prolpetabsorption; i.e. the net results of the difference between the pure absorption process
and the stimulated emission process. Therefore, at high incident laser intensity, the two measurements give
complementary information.

The laser intensity dependence of the transmission of thaibglet transition was studied in the barrier-
and-well-doped sample, S2, at 84 thand saturation was observed. However, the absorption coefficient
showed very different behavior than that of th Ds-2p" transition; it initially increased by~ 40% and
then showed complete quenching at higher laser intensities as shown in Fig. 3. The initial increase of the
absorption coefficient for the Dsinglet transition is not due to activation of additionat Bites. It may be
due to deformation of the Dwavefunctions by the strong AC electric field of the laser beam; however, this
can only be considered to be speculation at present. The effective lifetime was estimatedimbéom the
saturation intensity. Detailed analysis of the saturation of thesbglet transition and the photoconductive
detection of the saturation of thé’s-2p" transition will be published elsewhere.
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