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Abstract: We report photoluminescence studies of internal transitions of shallow Be acceptors in bulk GaAs and a series of

d-doped GaAs/AlAs multiple quantum well samples with well width ranging from 3 to 20nm. A series of Be 5-doped GaAs/

AlAs multiple-quantum wells with the doping at the well center and a single epilayer of GaAs uniformly Be doped were

grown by molecular beam epitaxy. The photoluminescence spectra were measured at 4,20,40,80,and 120K, respectively. A

two-hole transition of the acceptor-bound exciton from the ground state,1S;, (I's) s to the first-excited state,2S;,, (I's)

has been clearly observed. A variational principle is presented to obtain the 2s-1s transition energies of quantum confined

Be acceptors as a function of the well width under the single-band effective mass and envelop function approximations. It

is found that the acceptor transition energy increases with decreasing quantum-well width, and the experimental results

agree well with the theoretical calculation.
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1 Introduction

Impurity states in quantum wells have been ex-
tensively studied because of their potential in optoe-
lectronic applications,such as low input power sources
of terahertz detectors (1~10THz) and emitters'~*/.
In principle either donors or acceptors could be used
to form the energy levels of a device. However, in
practice the greater binding energy of the acceptors
makes them attractive candidates as they can have
their transition energies moved over a wider range by
varying the quantum confined environment of the im-
purity. In addition,the transition energy could exceed
the longitudinal optical phonon energy, thus signifi-
cantly reducing this non-radiative loss mechanism.

In the GaAs/Ga,-, Al, As quantum-well system,
beryllium is a commonly used acceptor; beryllium is
relatively stable with respect to diffusion and has a
binding energy of 28.0meV in bulk'™ . The use of §
doping avoids the extension of the impurity energy
levels resulting from a distribution of the dopant at-
oms along the growth direct of the quantum wells.
The first calculation on the Be acceptor states in
GaAs/Al,Ga,-, As quantum wells incorporating with
a complicated valence-band structure was performed
by Masselink et al.'®'. Experimentally, resonant Ra-
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man scattering"”’ and far-infrared absorption"®*) have
been used to investigate the transitions of shallow ac-
ceptor states. Subsequently, Holtz et al. reported
measurements on the transitions from the ground
state to excited states via two-hole transitions and Ra-
man scattering for GaAs/Al, Ga,-, As quantum wells
with well thicknesses in the range 5~ 13. 8nm"'"'/,
GaAs/AlAs

with Be acceptors doped at the well center,there have

However, for multiple-quantum wells
been few reports of either experimental or theoretical
work. This system is of special interest as it represents
the maximum possible confinement for the acceptor
states in the valence band. In this paper, we measure
photoluminescence (PL) spectra at various tempera-
tures for a series of GaAs/AlAs multiple-quantum
wells with Be 8-doped at the well center and a single
epilayer of GaAs uniformly Be doped (GaAs: Be).
The transitions of the shallow acceptor states have
been investigated by observing the two-hole transition
of the acceptor-bound exciton. A variational principle
is presented to obtain the Zs-1s transition energies of
quantum confined Be acceptors as a function of the
well width.

2 Experiment and results

The samples were grown by molecular-beam epi-
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Table 1
riod,the quantum-well width (L), the 3-doping concentration

Characteristics of the samples studied: the repeated pe-

(P) and the growth temperature of the epitaxial layer (T)
Sample Period L/nm P/cm™2 T/C
1 400 3 2 X101 550
2 200 10 5% 101 550
3 50 15 2.5X10! 540
4 40 20 2.5%10%2 540
a single 5pm-thick epilayer
(GaAs:Be)

5 2X1016 550

taxy on semi-insulating (100) GaAs substrates in a
VG V80 H reactor equipped with all solid sources.
The growth of the layers was performed using the sto-
ichiometric low-temperature growth el
This ensures high quality optical materials even at rel-

atively low growth temperatures. Under these condi-

technique

tions, the quantum-well structures were grown at
550C without interruptions at the quantum well in-
terfaces,ensuring negligible diffusion of the Be within
the layers. Prior to the growth of the multiple-
quantum wells, a 300nm GaAs buffer layer was
grown. Each of the multiple quantum well structures
contains the same 5nm wide AlAs barrier, while every
GaAs well layer is 6-doped at the well center with Be
acceptor atoms. The doping level and the main char-
acteristics of each sample are summarized in Table 1.

Photoluminescence (PL) experiments were per-
formed from liquid helium to room temperature using
a Renishaw Raman microscope system. The samples
were mounted on a cold finger of a continuous flow
helium cryostat. The optical excitation for the PL ex-
periments provided by an argon-ion
(514. 5nm) . The laser beam was focused onto a sam-

was laser
ple.and the light returning back from the sample was
collected and passed into the spectrometer for analy-
sis. The excitation was typically 5mW with a spot size
of about 2ym. The spectra resolution of the system is
200peV.

In bulk GaAs, the top of the valence band was
characterized by the total angular momentum J = 3/2
and it was thus four-fold degenerate (with m, = +1/
2,%3/2) at the I point (k =0). Away from k =0,
this degeneracy was partially lifted by the spin-orbit
interaction into a doubly degenerate heavy-hole state,
with m,; = = 3/2 of I's symmetry, and a doubly-
degenerate light-hole state with m, = + 1/2 of Iy
symmetry. The lowest Be acceptor states in bulk GaAs
arc identified as 1S3/, s » 2Pa/2 s 2832 I's s 2P5/2 s » 2Ps )2
I'; ,and 2p,,.I's . When Be acceptors are introduced in-
to the GaAs/Al,Ga,-, As quantum wells from the
bulk,the degeneracy of the valence band is lifted at
the I" point due to the quantum well potential, reduc-
ing the point group symmetry from T4 to D,4. There-
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Fig.1
ferent measuring temperatures with the excitation power of the

Series of PL spectra of the sample 2 (L =10nm) at dif-

514. 5nm radiation,showing the Xcpiim » Xepium » Be’ X, eBe’,

and P peaks The excitation was typically 5mW.

fore, the 1s3, I's acceptor ground state and 2ps, I,
2s3,,I's and 2ps), I's excited states are split accordingly
into 1s3,, (I's + I';) and 2ps, (I's + 1) 2283, (I's T 1),
2ps, (I's + ') »respectively ™.

The PL spectra with above-band gap excitation
have been measured at the various temperatures for
the samples in Table 1. Figures 1 and 2 shows the PL
spectra at 4,20,40,80,and 120K for the two samples
having well widths of 10nm (sample 2) and 3nm
(sample 1) ,respectively. Sample 1 represents the lim-
iting case for Be 8 doping at the centre of a quantum
well. The well width of sample 2 enables an easier op-
tical analysis for quantum well extrinsic transitions
that do not overlap with the near-bandgap radiative
emissions of bulk GaAs. Some differences can be ob-
served in the low-temperature excitonic signals. In
Fig. 1, for sample 2 with a quantum-well width of
10nm,three strong peaks are clearly resolved at 4K,
with positions located at 794,795. 88, and 806. 26nm,
respectively. The first at 794nm is the strongest peak
and attributed unambiguously to the transition of a
heavy free exciton (Xcp ) - Its maximum correlates
with the temperature dependence of the GaAs
bandgap and it does not exhibit any blue shift when
the temperature increases. The second at 795. 88nm o-
riginates from the exciton recombination bound to the
neutral beryllium acceptor (Be”X). The energy sepa-
ration between the Xcpim and the Be’ X is 3. 7meV,
which is the energy required removing the exciton
from the Be’X complex. The intensity ratio of the
Be"X with the Xcpinm is 0. 76 at 4K and decreases as
the measuring temperature increases. As the tempera-
ture arrives at 80K, the Be” X peak is no longer detect-
able,and the light free exciton peak (Xcpim ) can be
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Fig.2 Series of PL spectra of the sample 1 (L =3nm) at dif-
ferent measuring temperatures with the excitation power of the
514. 5nm radiation,showing the Xcpi.im » Xesium » Be’ X, eBe’,
P; and P, peaks
and 120K.

The excitation is 50mW for the spectra at 80

observed. The third peak at 806. 26nm is weaker than
the Xeprum and Be’ X, which is attributed to the free-
to-bound recombination (eBe’) between an electron
of the n =1 quantized confinement level and a hole
bound to a Be acceptor at the center of the GaAs
well. As the measuring temperature increases, the
eBe’ line becomes very weak without any blue shift.
This also shows that the signal cannot be due to a do-
nor-acceptor recombination. In addition, Figure 1
shows a weak peak at 1.5324 eV, labeled P, which is
interpreted as the two-hole transition (THT) of the
Be acceptor bound excitons. The origin of this line is
an exciton attached to a neutral Be acceptor. As the
exciton recombines, there is a small probability that
some of the energy emitted is absorbed by the hole
bound to the acceptor,which then undergoes a transi-
tion to an excited state leaving the acceptor, binding
the exciton in an excited state instead of the ground
state. Therefore, the energy separation between the
Be’ X and the P peak corresponds to the energy nee-
ded to excite the acceptor from its ground state 1S;/,
(I's) to the first excited state 2S5, (Is),25. 6meV for
this sample. This transition energy is equal to
19. 9meV for sample 5.a single GaAs:Be epilayer (as
a limiting case with an infinite quantum-well width),
in good agreement with what has been reported in
Ref.[13]. As the temperature increases,the PL inten-
sities of the Be’X and P peaks decrease, and the P
peak can not be detected at T =20K. The THT is also
observed in the other samples in Table 1,but the sig-
nal intensity becomes weak as the quantum-well width
decreases. This is attributed to a reduction of the free
exciton lifetime with a narrower quantum well, and

the probability for the capture by Be acceptors of an
electron-hole pair in quantum wells is reduced instead
of recombination as a free exciton.

Sample 1 with the well width of 3nm represents
the limiting case for doping Be at the center of the
GaAs/AlAs multiple quantum wells,and the PL spec-
tra at 4,20,40,80,120K are given in Fig. 2. In con-
trast with Fig. 1, there are two distinct features. (1)
Only free excitonic peak Xcgium has been detected
and the bound exciton Be” X can not be resolved well.
It is very weak and probably located at the low-ener-
gy side of the asymmetric excitonic signal because a-
bove 40K, the excitonic signal shape becomes symmet-
ric. This is mainly due to a reduction of the free excit-
on lifetime with a narrower QW,and not because of
the lower concentration of dopant atoms. The Be’ X is
clearly observed in sample 2, which has the same con-
centration of dopant atoms as sample 1. (2) Figure 2
shows two peaks at wavelengths of 719.10 and
724. 27nm, labeled P; and P, respectively, which are
attributed to THTs. P; and P in Fig. 1 are shoulder
peaks, but the PL intensity of the P; peak is much
weaker than that of the P peak. As the QW width de-
creases, the acceptor binding energy increases and the
ground state is lowed in energy relative to the excited
state,resulting in a reduction in the probability of the
two-hole transition occurring'*'. The P, peak.like P
in Fig. 1, is associated with the transition among Be
acceptor states,1S;,, (I's) —>2S;,, (I's) .31. 12meV for
sample 1 and the P, peak with the transition 1S;,, (I's)
—38S,,, (Is) . This is the narrowest well in the GaAs/
AlAs system for which the two-hole transition has
been observed.

3 Calculation and discussion

3.1 Theory

The Hamiltonian of a beryllium impurity atom
within semiconductor GaAs/AlAs multiple quantum
wells under the single-band effective mass and envel-
op function approximations is:

h*_ d 1

H=-—X—X ,
2 Jdz m’

2
e

dreoe, 1

(D

Xi+ Viz) -
Jdz

where m * is the effective mass of a hole carrier,e, is
the relative dielectric permittivity, V' (z) is the one-
dimensional electrostatic potential, and r is the dis-
tance between the impurity and the hole carrier. Pla-
cing the x and y origins on the impurity atom, which
is at the position r;,then:

rt= x4y 4 (z - )t (2)
The success of variational approaches centers on the
general choice of the trial wave function. We choose
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the product of two terms as the trial wave function of
a hole carrier:

v = w((r) (3)
where W(z) is the wave function of the hole in the
GaAs/AlAs multiple quantum wells without the ac-
ceptor impurity present and ¢(r) is a hydrogenic-like
term describing the interaction between the hole and
an acceptor ion.

The hydrogenic factor for the 1s ground state and
Zs excited state is taken respectively as:

¢(r) = exp(— %), for the 1s state €Y)

$(r) = (1 - f)exp(— /\L
where A is well known as the Bohr radius, but now it is
employed as a variational parameter.

The variational calculation is implemented by ad-
justing A in order to minimize the expectation value of
the Hamiltonian operator,the total energy of the sys-

), for the 2s state  (5)

tem:

SAN:AN'2
(w|w
The energy E is evaluated for different values of A by
direct numerical integration of the numerator and de-

E = (6)

nominator in the above equation.
3.2 Results and discussion

In this subsection the numerical results of the en-
ergies of the 2s-1s transitions of the Be acceptors at
the center of the GaAs/AlAs multiple quantum wells
as a function of the well width will be given. We use
the formula V(z) =0.33AE,(x)"',where AE,(x) is
the difference in band gaps at k = 0 between GaAs
and Al,Ga,-,As. AE, (x) is taken to be 1247x meV
and x is the mole fraction of the Al,Ga,_, As barri-
ers. Although the single-well potential V (z) makes it
more appropriate for completely decoupled quantum
wells,it will also be appropriate for multiple quantum
wells with thick barriers that no hole wave function
can penetrate. The effective mass m ™ is used as the
heavy-hole mass of 0.62m,,the typical value in bulk
GaAs,where m, is the mass of an electron in the free
space. The relative dielectric permittivity, e, ,is set to
17. 2. In previous theoretical calculations,a great deal
of attention has been paid to the roles of the effective
mass and the diclectric constant mismatches at inter-
faces in semiconductor hererostructures, and their
effects on the shallow impurity energy levels in the
quantum wells*~!%/
above, we deduce the acceptor binding energy of
28. 0meV for very large well widths, which is in good
agreement with in bulk
GaAs'®' . Figure 3 illustrates the theoretical calcula-

. With m” and ¢, parameters given

the experimental result
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Fig.3 Dependence of the transition energy for the 1S;,, (I's)—
2S;,, (I's ) transition for the Be acceptor on the quantum well
The solid circle dots and dot
line indicate the experimental data,and the curve with triangle

width,which binds the exciton

symbols represents the theoretical calculation.

tion results of 2s-1s acceptor transition energies as a
function of the quantum-well width for the on-center
Be 8-doped in GaAs/AlAs multiple-quantum wells ac-
cording to the above theory. The solid circle symbols
and the dotted line in Fig. 3 show experimental data
via the PL measurements. The PL experimental meas-
uring results are in good agreement with the theoreti-
cal calculation. As the quantum-well thickness increa-
ses,the 1S;,, (I's)—28S;,, (I's) transition energy decrea-
ses monotonically, and is close to 19.9meV of the
GaAs:Be bulk as the quantum-well thickness is more
than 30nm. Compared with Holtz at al.’s experimen-
tal work on GaAs/Aly; Ga,; As quantum wells with
the same quantum-well width"'", the 1S/, (I's) —>2S,/,
(I's ) transition energy of the acceptors confined at
the centre of the GaAs/AlAs multiple quantum wells
is significantly enhanced.but both of them increase as
the effect of quantum-well confinement increases.
This is mainly due to the confinement effect of quan-
tum wells pushing the hole closer to the negative
core,thereby increasing Be acceptor binding energies.
Meanwhile,the ground state is lowed in energy rela-
tive to the excited states, resulting in an increase in
transition energies as the quantum well width decrea-
ses. This similar behavior is also observed for shallow
donor impurities quantum confined in GaAs/
Al,Ga, -, As multiple quantum wells'**. As the width
of the quantum well decreases.the effect of quantum-
well potential confinement for acceptors at the centre
of the GaAs/AlAs multiple quantum wells is signifi-
cantly enhanced. Both the theoretical calculation line
and the experimental data of the 1S;/, (I's)—>2S;,, (I's)
acceptor transition energies increase monotonically in
the same tendency. It is suggested that the acceptors
confined in GaAs/AlAs multiple quantum wells can
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be described as an ideal hydrogenic atom,and that the
single-band effective mass and envelope function ap-
proximation are reasonable.

However, because the quantum-well thickness is
less than 3nm, the theoretical calculation line of the
2s-1s acceptor transition energies as a function of the
quantum-well width departs gradually from the exper-
imental results measured as the width of the quantum
well decreases. This is mainly attributed to two rea-
sons which are not considered in our theoretical mod-
el. The first, with the quantum-well potential for ac-
ceptor confinement effect increasing, the spin-orbit
coupling and the coupling between heavy-hole and
light-hole bands should be included in our theoretical
calculation. The second,as the quantum-well thickness
becomes narrow, the influence of the potential spike
resulting from the monolayer of the 3-doped acceptors
in GaAs/AlAs multiple quantum wells on acceptor
states can not be also neglected in calculations. In ad-
dition,there are some questions to be investigated fur-
ther in our theoretical model. for example.the use of
the dielectric constant in bulk GaAs has to be em-
ployed in the theoretical calculation for the GaAs/
AlAs multiple-quantum wells. In the majority of ca-
ses,its use is probably fine, however, it is worthwhile
noting that there is a change in the permittivity as the
effect of the quantum-well confinement on acceptor
states enhances and the bound hole approaches to the
acceptor.

4 Conclusion

In summary, we have investigated both experi-
mentally and theoretically the internal transitions of
shallow acceptors confined in GaAs/AlAs multiple-
quantum wells. The PL spectra were measured at vari-
ous temperatures, and two-hole transitions of the ac-
ceptor-bound exciton have been observed for a series
of Be 5-doped GaAs/AlAs multiple-quantum wells and
GaAs: Be epilayers. A variational calculation is pres-
ented to obtain the 1s-2s acceptor transition energy as
a function of a well width. It is found that the accep-
tor transition energy between the ground state and the
first excited state increases monotonically as the
quantum-well width decreases, and the experimental
data are in good agreement with the theoretical calcu-
lation.
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