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Inelastic scattering of hot electrons by neutral donors in heavily silicon-doped
GaAs/AlAs quantum wells
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The energy and momentum relaxation of hot electrons inn-type GaAs/AlAs quantum wells is
studied. Hot photoluminescence due to the recombination of hot electrons with holes
bound on Si acceptors is observed in structures with a high level of doping with silicon. Using
the method of magnetic depolarization of hot photoluminescence, the probability of
scattering of hot electrons is found to decrease substantially with increasing temperature in the
range 4–80 K. This effect is shown to be due to the ionization of donors. It is established
that the probability of inelastic scattering by neutral donors is several times greater than the
probability of quasielastic electron–electron scattering. ©1999 American Institute of
Physics.@S1063-7826~99!01910-9#
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1. INTRODUCTION

It is known that the main mechanism of scattering of h
electrons in lightly or moderately doped bulk GaAs a
structures with GaAs/AlAs quantum wells~QWs! is inelastic
scattering by optical phonons.1,2 It has been shown that a
the dopant density~acceptors! increases inp-type structures
(NA>1018 cm23), an additional scattering process due to t
inelastic interaction of hot electrons with neutral accept
appears.3 This is valid for bulk GaAs and for a GaAs/AlA
QWs.

A Mott transition occurs in bulkn-type GaAs with donor
densityND'531016 cm23, causing the semiconductor to b
degenerate at low temperatures. The degeneracy inn-type
samples occurs much earlier than inp-type structures, be
cause the ionization energy of donors is lower than tha
acceptors. The main mechanism of scattering of hot elect
in silicon-doped bulkn-GaAs with silicon densitiesNSi>7
31017 cm23 is inelastic scattering by coupled phonon
plasmon modes.4 In QWs size quantization increases t
binding energy of electrons on donors. As a result, the M
transition shifts to higher impurity densities. This makes
possible to investigate a system containing a large numbe
mutual donors and not an electron gas.

The main objective of the present work is to study t
scattering of hot electrons in QWs heavily doped with silic
~n-type conductivity!.

2. EXPERIMENTAL RESULTS

2.1. Hot photoluminescence in n-type quantum wells

The experimental GaAs/AlAs structures were grown
molecular-beam epitaxy on~100! substrates. The well width
in each structure was 40 Å , and the barrier width was 80 Å
1121063-7826/99/33(10)/4/$15.00
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~in what follows 40 Å /80 Å! with 80 periods. The centra
part of the wells (;20 Å ) was doped with silicon, while the
regions adjoining the interfaces remained undoped. The
con density for different samples varied in the ran
NSi54310102431011 cm22. Moreover, a similar structure
50 Å /80 Å with silicon density 531011 cm22 was also
investigated. The samples were placed in a helium cryo
with a variable holder temperature. To obtain magnetic fie
up to 7.5 T, a superconducting magnet was placed in
cryostat. A Kr1 laser with photon energy\vexc51.92 eV as
well as a dye laser~DCM dye! pumped with an Ar1 laser
were used to excite the hot carriers. The pumping density
the sample wasP<100 W/cm2. DFS-24 and SPEX-1877
spectrometers, equipped with a cooled FE´U-79 photomulti-
plier and a multichannel detector~CCD camera!, respec-
tively, were used to detect the luminescence.

In n-type structures with silicon densityNSi.1011 cm22,
we observed low-temperature donor–acceptor luminesce
shifted in the spectra in the direction of energies lower by
meV from the excitonic line. The donor–acceptor lumine
cence vanishes as temperatureT increases to 50–60 K. This
is evidently due to the ionization of the neutral Si donors.
the same samples withNSi.1011 cm22, we observe high-
frequency luminescence near the exciting laser line, wh
spectrum atT59 K and NSi51.631011 cm22 is shown in
Fig. 1 ~solid line!. For comparison, the hot photolumine
cence~HPL! spectrum at the same temperature in a stron
doped p-type QW with beryllium densityNBe5131012

cm22 ~dashed line! is also shown in Fig. 1. The narrow
peaks with photon energy\v lum51.89 eV correspond to Ra
man scattering of light and are not discussed below.

The observed luminescence inn-type QWs possesses th
following properties.

a! As follows from Fig. 1, the form of the spectrum i
4 © 1999 American Institute of Physics
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similar to that of the HPL spectrum in strongly dopedp-type
QWs.

b! The intensity varies quadratically with the power de
sity of the exciting light.

c! With linear and circular polarization of the excitin
light the luminescence is linearly and circularly polarize
respectively; the sign of the charge of the recombining c
riers, which was determined from the change in the Sto
parameters in a magnetic field,1 is negative and therefor
corresponds to electrons.

In p-type structures, HPL is due to the recombination
hot electrons from the first conduction subband with ho
bound on acceptors~transitions of the type 1e→A0).1,2

Therefore, it follows from the properties a!–c! listed above
that in the QWs investigated, forNSi.1011 cm22, HPL cor-
responding to the same optical transitions as inp-type QWs
is observed near the excitation line. The point is that silic
in GaAs is an amphoteric impurity, and at hot doping lev
it can become not only a donor but also an acceptor.5 This
makes it possible to investigate recombination radiation
hot electrons with holes at Si acceptors in the presence
large number of Si donors. In the structures investigated,
donor density is higher than the acceptor density,ND.NA

~n-type!.

2.2. Probability of scattering of hot electrons

We used the method of depolarization of HPL in a ma
netic field ~Faraday geometry! to measure the probability o

FIG. 1. Hot photoluminescence spectra ofn-type QWs doped with silicon to
densityNSi51.631011 cm22 ~solid line! and p-type QWs doped with be-
ryllium to densityNBe5131012 cm22 ~solid line! with excitation photon
energy\vexc51.92 eV.T59 K. The pointa corresponds to the energy o
the radiation of hot electrons from the point of creation into the ground s
of the acceptor.
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scattering of hot electrons. The magnetic-field dependenc
the linear polarization is described by the Lorentz formul1

r~B!

r~0!
5

1

11~2vct!2
, ~1!

wherer(B) is the degree of linear polarizaiton in a magne
field B, vc5eB/mcc is the cyclotron frequency, andt21 is
the probability of scattering of a hot electron. The scatter
probability t21 can therefore be found from the half-widt
of the depolarization curve. The polarization of HPL w
measured at the point of the spectrum marked bya in Fig.
1a. This point corresponds to recombination radiation
photoexcited electrons which have not undergone energy
laxation after being created~we call it below the recombina
tion of electrons from the creation point!. The kinetic energy
of the electrons corresponds to approximately 140 and
meV for samples with 40 and 50-Å-wide wells.

Figure 2a shows the scattering probabilityt21 versus the
temperatureT in 40 Å /80 Å samples with densitiesNSi

51.631011 cm22 and 431011 cm22. It is evident thatt21

depends strongly onT. At low temperature (T59 K) the

te

FIG. 2. a — Temperature dependence of the scattering probabilityt21 for
samples with densitiesNSi , 1011 cm22: 1—1.6, 2—4, 3—5. b— Tempera-
ture dependences of the escape probabilityt0

21 ~inelastic collisions! ~18–39!
and relaxation probabilitytp2

21 ~elastic collisions! of the momentum anisot-
ropy ~19–39! for structures with densitiesNSi , 1011 cm22: 18,19—1.6;
28,29—4; 3,39—5.
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electron scattering probability is 27 and 23 ps21 with
NSi51.631011 cm22 and 431011 cm22, respectively. As
the temperature is raised, the probabilityt21 gradually de-
creases to 12 ps21 at T.80 K for each sample.

We also observed that the linear polarization of the H
r(B50) decreases with increasing temperature. This me
that the anisotropy of the momentum distribution of hot el
trons at the creation point, which determines the value
r(B50), decreases. The point is that over the lifetime
electrons in this energy state~creation point!, which is deter-
mined by the inelastic scattering mechanisms, isotropiza
of the momentum distribution can occur. This is valid in t
presence of elastic collisions, which result in momentum
laxation of electrons without a change in the electron ene
Thus, the higher the probability of elastic scattering mec
nisms compared with inelastic mechanisms, the lower
degree of linear polarization of the HPL of electrons from t
creation point. Hence it follows that the decrease
r(B50) with increasingT is due to an increase in the role o
elastic collisions. To distinguish the mechanisms of ela
and inelastic scattering of hot electrons, we write the scat
ing probability as

t215t0
211tp2

21 , ~2!

wheret0 is the escape time of an electron from the init
energy state, andtp2 is the relaxation time of the momentum
anisotropy as a result of elastic scattering processes. In
the linear polarization of the HPL of electrons from the c
ation point depends ont0 andtp2 as1

r~B50!}
tp2

t01tp2
. ~3!

Using Eqs.~1!–~3! and the fact that the escape probabil
t0

21 is limited from below by the probabilityt0,e2LO
21 of scat-

tering of hot electrons by polar optical phonons, we cal
lated the temperature dependences oft0

21 and tp2
21, which

are shown in Figs. 2b by the points 18,28 and 19,29, respec-
tively. It follows from Fig. 2 that the decrease in the tot
scattering ratet21 with increasingT is due to a strong de
crease of the escape probabilityt0

21. For both samples, the
escape probability changes from the maximum valuet0

21

't21 at T'9 K, approachingt0
21'627 ps21 at T'80 K,

corresponding to the probability of scattering by polar op
cal phonons t0,e2LO

21 .2 The escape probability minu
t0,e2LO

21 , shown in Fig. 3, can be described by an activat
dependence, and at high temperatures it decreases wT
~see linear section marked by the arrow in Fig. 3! as

t0
212t0,e2LO

21 }exp~E/kBT!, ~4!

whereE is the activation energy. A fit to the experiment
results~solid and dashed curves in Fig. 3! givesE'13 meV.
This value is in good agreement with the computed ioini
tion energy of donors in such structures.6 Moreover, it fol-
lows from Fig. 2b that the contribution of elastic scatteri
mechanisms, whose probability is determined bytp2

21, is es-
sentially absent atT'9 K and increases with temperature

We obtained similarly the values of the scattering pro
abilities t21 ~Fig. 2a! andt0

21 andtp2
21 ~Fig. 2b! in a 50 Å
L
ns
-
f
f

n

-
y.
-
e

ic
r-

l

rn,
-

-

-

n

-

-

/80 Å sample with densityNSi5531011 cm22 at tempera-
tures 9 and 80 K. It is evident that the qualitative temperat
dependences oft21, t0

21 , and t2p
21 are the same as thos

obtained for the 40 Å /80 Åstructures.
We compared the results obtained with the results

heavily dopedp-type QWs. It was found that inp-type QWs
with the same densityt21 (T'9 K) is several times less
than in n-type QWs. Inp-type structurest21 does not de-
pend on temperature in a wide range from 9 to 150 K.

Therefore, in heavily silicon-doped QWs the decrease
t21 with increasing temperature, which is due to the stro
variation oft0

21, occurs as a result of ionization of Si donor
At low temperatures (T'9 K) the main mechanism for sca
tering of hot electrons in such structures is inelastic scat
ing by neutral donorsD0 with scattering probabilityte2D0

21

5t0
212t0,e2LO

21 . The high value of the probability for scat
tering of an electron by an impurity inn-type QWs as com-
pared withp-type structures seems to be explained by
large Bohr radius of localized electrons at donors, wh
results in a higher effective scattering cross section. A te
perature increase results in the ionization of donors
therefore a decrease of the escape probabilityt0

21, which
approaches the value of the scattering probability by po
optical phononst0,e2LO

21 and is described by the activation
dependence~4!. It should be noted that a large change in t
probabilities of scattering of hot electrons occurs at tempe
tures from 10 to 50 K. We observed the donor–accep
luminescence to vanish in the same range; i.e., the con
sion that the change in the scattering processes with incr
ing T is due to ionization of donors is confirmed.

It is obvious that at low temperatures one would exp
the probability of scattering by neutral donors should
crease with the impurity density. However, it is evident fro

FIG. 3. Escape probability minust0,e2LO
21 versus 1/T for samples withNSi

51.631011 ~1! and 431011 cm22 ~2!. At high temperatures~arrow! the
dependence is described by ln(t0

212t0,e2ph
21 )}E/T, E;150 K ;13 meV.
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our experimental results~Fig. 2! that this is not so. For the
sample withNSi51.631011 cm22, the probability for scat-
tering of hot electrons by Si donors is at a maximum a
te2D0

21 '20 ps21. An increase of the silicon density to
31011 and 531011 cm22 decreaseste2D0

21 to 16 and 9 ps21,
respectively. We attribute this result to the fact that at h
doping levels silicon is more likely to be an acceptor. T
maximum possible density of uncompensated donors in b
GaAs corresponds toND

max'631018 cm23 ~Ref. 5!. As fol-
lows from our results, in the QWs investigatedND

max'2
31011 cm22. A further increase of the silicon density doe
not result in a larger number of donors. In contrast, it inte
sifies the degree of compensation. The number of neu
donors at low temperature in this case decreases, and
observe a decrease ofte2D0

21 .
We shall now consider the mechanisms due to ela

collisions, to which the scattering probabilitytp2
21 corre-

sponds. We found~Fig. 2b! that in all samples the contribu
tion of elastic interactions is negligible (tp2

21'0) at low tem-
peratures (T'9 K). Since this holds in structures with hig
silicon density (NSi54310112531011 cm22), where as a
result of compensation the number of neutral donors is
than the number of charged Si centers even atT'9 K, we
can assume that the elastic scattering of electrons by cha
impurities Si1 and Si2 is negligible for anyT. Nonetheless,
raising the temperature increases the importance of ela
collisions, which become substantial together with inelas
processes. It is obvious that asT is raised, the ionization o
Si donors increases the number of free electrons. The
crease intp2

21 with temperature is therefore due primarily
the appearance of quasielastic scattering by free electron
high temperatures (T'80 K), when it can be assumed th
virtually all donors are ionized, the probability of electron
electron scattering is comparable to the electron–phonon
teraction. In Ref. 7 it was shown that scattering of hot el
trons by electron–hole (e2h) plasma causes the electron
plasmon and electron–phonon scattering probabilities to
identical at plasma densityn2D'1011 cm22 in QWs and
n3D'1017 cm23 in bulk GaAs, respectively. It follows from
a theoretical calculation for bulk GaAs~Ref. 8! that the
electron–electron interaction plays the main role in the s
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tering of hot electrons bye2h plasma. In our case
electron–electron scattering atT'80 K becomes compa
rable to scattering by phonons at approximately the sa
densitiesn2D of the electron gas.

3. CONCLUSIONS

It was found that at low temperatures the main ene
relaxation process for hot electrons inn-type QWs is inelas-
tic scattering of electrons by neutral donors —e2D0 scat-
tering. A temperature increase results in the ionization
donors and vanishing ofe2D0 scattering. Electron–phono
scattering becomes the main energy relaxation proc
Moreover, an increase in temperature gives rise to quasie
tic electron–electron interaction, which results in apprecia
momentum relaxation.

The degree of compensation of the structure which
are studying can be estimated from the temperature de
dence of the scattering probability of hot electrons in heav
silicon-doped QWs.
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