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The dynamics of impurity-related optical transitions in 20 nm wide silicon and beryllium δ-doped GaAs/AlAs multiple quan-
tum wells with various doping levels has been investigated at near liquid helium temperatures. The radiative lifetimes of the free 
electron-neutral acceptor and the free hole-neutral donor have been identified. The capture cross-sections of the free electrons by 
neutral Be acceptors were experimentally determined to σe-Be = 4 × 10–10 cm, whereas this corresponded to σh-Si = 2.2 × 10–8 cm for 
the free holes by neutral Si donors. The experimentally determined cross-section ratio of σh-Si/σe-Be = 55 is close to the estimated 2D 
value of σh-D /σe-A = 64 and remains lower compared to the calculated value for the 3D case of σh-D /σe-A = 121.
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1. introduction

The design and development of electronic and op-
toelectronic devices requires a fundamental under-
standing of the doping properties of impurities in 
semiconductor structures. The doping in two-dimen-
sional (2D) quantum wells (QW) and superlattices is 
of particular significance, since the carrier transport 
properties and impurity energy levels can be varied 
through the material design as well as engineering the 
widths of wells  /  barriers of the constituent materi-
als. This opens up new avenues in the realization of 
compact devices in which the electronic transport, 
optical interactions and operational frequency can be 
tailored for a specific application. Examples of these 
are photodetectors [1], which include quantum well 
infrared photodetectors (QWIPs) operating at infra-
red [2] and terahertz frequency ranges, [3] as well as 
terahertz sensors employing horizontal carrier trans-
port in multiple quantum wells (MQWs) [4].

In previously reported works [5, 6], δ-doped 
GaAs/AlAs MQWs were investigated by measuring 
the photoluminescence (PL) at various excitation in-
tensities and temperatures. A special focus was on the 

study of impurity optical transitions, where the line 
shapes generated by the impurity related transitions 
were shown to be asymmetric. This spectral feature 
of the PL is defined mainly by the spectrum of the ab-
sorption coefficient, which is the product of the car-
rier distribution function. A theoretical model was 
constructed to explain the PL line shape for different 
impurity types, and it was later shown (both experi-
mentally and theoretically) that acceptor and donor 
related optical transitions and PL line shapes are dif-
ferent due to the difference in the effective masses for 
holes and electrons. This effect also leads to the ob-
served differences in the generated PL spectra: for the 
donor-related spectrum, the luminescence band is 
narrower in comparison to the acceptor-related one.

The dynamics of photo excited carriers play an im-
portant role in the optical properties of QWs, and in-
vestigations have focused on the study of the lifetime 
of free excitons [7–10], but limited studies exist on the 
lifetime of free-to-bound transitions in QWs. An im-
portant characteristic parameter of the transitions (the 
capture cross-section) can be derived from the life-
times of the transitions of free carriers to impurities. 
This is an important parameter to investigate, since 
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both the performance properties and the limitations of 
many devices depend on the capture cross-section.

The work presented in this paper focuses on the in-
vestigation of the time-resolved PL properties of beryl-
lium (Be) and silicon (Si) δ-doped GaAs/AlAs MQWs, 
which were studied at the temperature of liquid he-
lium. The emission energy of the free electron to the 
neutral acceptor and the free hole to the neutral donor 
lies within the forbidden energy gap, which is near the 
emission edge.

Possible mechanisms for carrier recombination 
are evaluated and discussed by putting a special em-
phasis towards the influence of doping on the radia-
tive lifetime of the transitions by the free electron-
neutral acceptor and by the free hole-neutral donor.

2. sample fabrication and experimental 
procedures

The silicon or beryllium δ-doped multiple quantum 
wells were grown by molecular beam epitaxy on semi-
insulating GaAs substrates. The samples contained 
a number of wells (N = 40), with widths (LW) of 20 nm 
and separated by a 5 nm thick AlAs barrier. Each of the 
QWs was δ-doped (about 2 nm width) with Si donors 
or Be acceptors at the center of the well. The doping 
level for the Si doped MQWs was 4.0 × 109 cm–2 and 
1.0 × 1010 cm–2, respectively; whereas for the Be doped 
MQWs it was 5.0 × 1010 cm–2 and 2.5 × 1012 cm–2, re-
spectively.

The continuous wave (CW) PL was measured by 
a fully automated Horiba Jobin Yvon monochroma-
tor FHR-1000 with a focal length of 1000 mm. The 
spectra were dispersed with a blazed 1200 g/mm grat-
ing, and the spectral dispersion was 0.8 nm/mm. The 
spectral resolution of the wavelength was 0.008 nm 
at an exit slit width of 10 μm, and the corresponding 
spectral resolution of the energy was 0.015 meV at 
820 nm. An Ar-ion laser was used as the excitation 
source with excitation energy in the range of 2.2–
2.7 eV. The PL was detected by a thermoelectrically 
cooled Hamamatsu GaAs photomultiplier operating 
in the photon counting regime. The photon emission 
was measured using a Becker & Hickl gated photon 
counter/multiscaler [11].

The time-resolved PL measurements were per-
formed using a Standa Company’s frequency-doubled 
diode-pumped Nd:LSB microchip solid-state laser with 
400 ps FWHM pulse width. The pulse repetition rate 
was 10 kHz, while the average output power was set to 
40 mW. The excitation wavelength was 531 nm (pho-
ton energy of 2.3 eV). The transient PL was measured 
using a Becker & Hickl time correlated single photon 
counting (TCSPC) system [12]. The emitted photons 

were detected with a thermoelectrically cooled, high 
efficiency, extended-red, multi-alkali cathode photo-
multiplier with an internal GHz preamplifier. To avoid 
the jitter effect, the measured signal was synchronized 
with a laser pulse from a split excited beam. The excita-
tion intensity was varied by using neutral glass filters.

The sample temperatures were changed from am-
bient room temperature (300 K) down to 3.6 K using 
a closed cycle helium optical cryostat (Janis Research 
Company 1 W @4.2 K model SHI-4). The cryostat was 
equipped with two thermometers: the first one was 
used to control the operation of the equipment and the 
second one was used to measure the temperature of the 
sample.

The CW PL spectrum was compared to the spec-
trum obtained using a picoseconds laser by imple-
menting two different methods. The first method 
(direct electronically integrated method) registers 
photons with a GaAs photomultiplier attached to a 
direct electronic integration gated photon counter/
multiscaler, which was the same as in the original CW 
PL method. In the second method (TCSPC integrated 
method) a computer code was used to process the re-
sults obtained from the TCSPC measurements.

3. experimental results

The CW PL spectra of the Be d-doped GaAs/AlAs 
sample for LW = 20 nm (NBe = 5.0 × 1010 cm–2) MQWs 
measured at a temperature of 3.6 K and at a laser exci-
tation intensity of I = 1.36 W/cm2 are shown in Fig. 1. 
A series of clearly resolved peaks can be seen. The 
most intensive PL band is associated with the exci-
tons bound to the acceptor impurities, and is labeled 
as [BeX]. It is also possible to discriminate the line 
originating from the heavy-hole excitons labeled as 
Xe1-hh1. The lower energy transitions, labeled as e-Be, 
are attributed to the recombination of the free elec-
trons with holes bound to a neutral Be acceptor.

The CW PL spectrum was also compared to the 
measured spectra obtained using picosecond laser 
excitation (Fig.  1). The PL spectrum was measured 
at a pulse excitation of Iimp = 70 W/cm2 which would 
be equivalent to an average excitation intensity of 
Iav = 0.28 mW/cm2. Two methods were used to record 
the measurements. The upper line curve shown in 
Fig. 1 is obtained using a direct electronically integrat-
ed method, whereas the dot curve represents the plot 
for e-Be band emission obtained using the TCSPC in-
tegrated method. It can be seen that the character of 
the spectrum for all the measured cases is the same. 
However, the relative intensity of the lines is depend-
ent on the laser excitation intensity. The lines related 
to the impurity PL emission reach saturation because 
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of the impurity concentration being finite. Also one 
should note that the excitonic lines may merge into 
one band and the spectrum from the fine structures 
might disappear. In order to exclude these effects we 
measured the PL spectrum at a pulse excitation. In 
Fig. 1 we observe a small shift between the spectra of 
CW and the pulse excitation. It is related to the dif-
ferent excitation intensities as previously presented in 
a previous publication [6]. From the obtained results 
it was concluded that the peak excitation intensity of 
the pulsed laser (instead of the average excitation in-
tensity) was the most correct parameter to use when 
interpreting factors that influenced the structure of 
the spectrum.

The CW PL spectra of the donor Si δ-doped GaAs/
AlAs samples for LW = 20 nm (NSi = 4.0 × 109 cm–2) 
MQWs, that were measured at a temperature of 3.6 K 
with two laser excitation intensities of I = 19 mW/cm2 
and I = 1.36 W/cm2, are shown in Fig. 2.

The lower energy transitions, labeled as h-Si, are at-
tributed to the recombination of free holes with elec-
trons which are bound to a neutral Si donor, whereas 
the line labeled as [SiX] is ascribed to excitons bound 
to Si donor impurity. The excitonic lines dominate in 
the silicon doped QWs with their strength being weak-
ly related to the doping concentration. In contrast, the 
excitonic line strength generated by QWs doped with a 
Be acceptor is strongly dependent on the acceptor dop-
ing concentration [6]. The experimental results show 
that the structure of the PL spectrum does not change 
for pulse excitations up to Iimp = 70 W/cm2 for the Be 
and Si δ-doped GaAs/AlAs MQWs.

The PL decay transients for different emission 
bands for the Be δ-doped sample with the lowest 
(NBe = 5.0 × 1010 cm–2) at T = 3.6 K and at a laser excita-
tion intensity of Iimp = 70 W/cm2 are shown in Fig. 3. 
The average power excitation intensity was estimated 
to 0.28 mW/cm2.

The transition lifetimes of the free electron to the ac-
ceptor in p-type MQWs and the free hole to the donor 

Fig.  1.  The PL spectra of the Be d-doped GaAs/AlAs 
sample for LW = 20 nm (NBe = 5.0 × 1010 cm–2) MQWs re-
corded at a temperature of 3.6 K. The laser excitation in-
tensity was I = 1.36 W/cm2 for the CW measured meth-
od and Iimp = 70 W/cm2 or Iav = 0.28 mW/cm2 for the two 
measured methods with pulse excitation. The line plot 
and dots correspond to a direct electronical integration 
and TCSPC integration respectively. The symbols: Xe1-hh1 
is the heavy-hole exciton, [BeX]  is the Be acceptor-
bound exciton, and e-Be is the free electron-neutral Be 
acceptor transitions. The curves are shifted vertically for 
clarity.

Fig.  2.  The PL spectra of the Si δ-doped GaAs/AlAs 
samples for LW = 20 nm (NSi = 4.0 × 109 cm–2) MQWs 
recorded at 3.6  K. The laser excitation intensity of 
I = 19 mW/cm2 or I = 1.36 W/cm2 for CW measured 
method, and Iimp = 17.5 W/cm2 or Iav = 0.07 mW/cm2 for 
measurements using the direct electronically integrated 
method. The symbols: Xe1-hh1  is  the heavy-hole exciton, 
[SiX] is the Si donor-bound exciton, and h-Si is the free 
hole-neutral Si donor transitions. The spectra are shifted 
vertically for clarity.
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in n-type MQWs were extracted from the data when 
fast excitonic processes were quenched. The free 
exciton emission decay was estimated to be around 
τXe1–hh1

 = 0.65 ns, whereas the bound exciton emission 
decay time was found to be equal to τ[BeX] = 0.9 ns. 
The values of the excitonic emission decay times 
are consistent with the previously obtained data 
reported in literature [7–10]. These are dependent 
on the factors such as the quantum well width and 
homogeneity, as well as doping type and impurity 
concentrations.

The transition decay time of the free electron Be 
acceptor was estimated to τe-Be = 11 ns. This is in good 
agreement with that previously reported for 15  nm 
MQWs [13] as well as the results published in [14] at 
low temperatures (τe-Be = 34 ns) and at a doping con-
centration of NBe = 1010 cm–2. For the 2.5 × 1012 cm–2 
Be doped sample, the lifetime was too short to be 
measured and was estimated to be in the order of a 
few hundred ps.

Figure 4 shows the PL decay transients for differ-
ent emission bands for the lowest Si δ-doped sample 

(NSi = 4.0 × 109 cm–2) at T = 3.6 K and at a laser excita-
tion intensity of Iimp = 70 W/cm2.

The free exciton emission decay constant was 
τXe1–hh1

  =  0.9  ns, the bound exciton emission decay 
time was found to be τ[SiX] = 1.1 ns, whereas the free 
hole-Si donor transition decay time was estimated to 
be τh-Si = 6 ns.

A comparison of the PL decay transients of the free 
hole-neutral Si donor transitions for two Si δ-doped 
samples: NSi = 4.0 × 109 cm–2 and NSi = 1.0 × 1010 cm–2 
at T = 3.6 K are shown in Fig. 5.

The recombination lifetime for the sample with 
NSi = 4.0 × 109 cm–2 is equal to τh-Si = 6 ns whereas 
for a Si concentration of NSi = 1.0 × 1010 cm–2 it was 
equal to τh-Si = 2.6 ns. These results show that the life-
time is inversely proportional to the impurity con-
centration not only for the free electron to acceptor 
transitions [13] but also for the free hole to donor 
transitions, i.  e. τe-A~1/NA and τh-D~1/ND. However, 
as we have shown in a previous publication [13], this 
relation is not valid for transitions close to Mott’s or 
above where the impurity bands or two dimensional 

Fig. 4. The PL decay transients of different emission bands 
for the lowest Si δ-doped sample (NSi = 4.0 × 109 cm–2) at 
T = 3.6 K and a laser excitation intensity of Iimp = 70 W/cm2. 
The lowest curve indicates the response of the laser exci-
tation pulse. The decay time constants and emission en-
ergies are indicated on each trace. The curves are offset 
vertically for clarity. The abbreviations relate to Fig. 2.

Fig. 3. The PL decay transients of different emission bands 
for the lowest Be δ-doped sample (NBe = 5.0 × 1010 cm–2) 
recorded at T = 3.6 K and at a laser excitation intensity 
of Iimp = 70 W/cm2. The lowest curve indicates the re-
sponse of the laser excitation pulse. The decay time con-
stants and emission energies are marked for each trace. 
The curves are offset vertically for clarity. The abbrevia-
tions are the same as in Fig. 1.
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electron gases are formed due to high doping con-
centrations.

 

,    (1)

where τe-A is the radiative recombination lifetime, NA 
is the acceptor concentration, and νe,th is the average 
thermal velocity of the electrons which is equal to

 
.    (2)

For two dimensional structures, the impurity con-
centration NA is measured in units of cm–2 whereas 
the units of the capture cross-section σe-A are in cm.

Using the effective mass of the electron mc
*  = 

0.0665 m0 [16] the thermal velocity of electrons, 
which is estimated at a temperature of T  =  3.6  K, 
is equal to νe,th  =  4.6  ×  106  cm/s. Consequently, the 
measured recombination lifetime for the Be δ-doped 
NBe = 5.0 × 1010 cm–2 MQWs is equal to τe-Be = 11 ns, 
whereas the capture cross-section will be equal to 
σe-Be ≈ 4.0 × 10–10 cm.

A similar situation occurs for the h-D transi-
tion processes. Although the recombination speed 
is unknown, it is important to understand how the 
capture of free electrons occurs after the holes re-
combine with neutral donors. The results suggest 
that the electron trapping coefficient by an ionizing 
donor is equal to BD = 1 cm2/s [17]. Normally, Si in 
GaAs can be consider ed as an amphoteric impu-
rity, which exhibits predominantly donor charac-
teristics when embedded in GaAs grown by mo-
lecular beam epitaxy. However, depending on the 
GaAs growth conditions, there will always be a 
small part of Si atoms (8–20%) which become ac-
ceptors [18, 19]. Using the relation τe–D+ = 1/(BDND

+) 
the trapping time can be estimated to around 1  ns 
for the lower doped sample and around 0.5  ns for 
the higher doped Si sample. Therefore, the measured 
impurity-related lifetime in Si doped quantum wells 
can be attributed to the transitions of the free holes to 
donor impurities with a negligible error.

The capture cross-section of the free hole-donor 
radiative recombination can be calculated by adapt-
ing expressions (1) and (2) replacing the acceptor 
concentration with the donor concentration and the 
effective mass of the electrons with the effective mass 
of the holes. Using the effective mass of holes mp

*  = 
0.38 m0 [6, 20] at T = 3.6 K, the thermal velocity of 
holes would be equal to vh,th = 1.92 × 106 cm/s. Conse-
quently, for the Si δ-doped NSi = 4.0 × 109 cm–2 MQWs, 
the measured recombination lifetime is equal to 
th-Si = 6 ns which corresponds to a capture cross-section 
of σh-Si ≈ 2.2 × 10–8 cm. For the sample with a Si con-
centration of NSi = 1.0 × 1010 cm–2, the recombination 

Fig.  5.  The PL decay transients of the free hole-neu-
tral Si donor transitions for two Si δ-doped samples 
(NSi = 4.0 × 109 cm–2 and NSi = 1.0 × 1010 cm–2) at T = 3.6 K 
and a laser excitation intensity of Iimp  =  70  W/cm2. 
The lowest curve indicates the response of the laser ex-
citation pulse. The decay time constants and emission 
energies are marked on each trace. The curves are offset 
vertically for clarity.

4. analysis of experimental results

A fundamental understanding of the impurity ef-
fects is required to predict the electronic, optical 
and carrier transport properties of doped QWs. For 
the e-A transitions, the capture of the free hole af-
ter electron recombination with the neutral acceptor 
is of particular importance. Experiments show that 
the hole trapping time using an ionizing acceptor is 
much faster compared to the e-A transition with an 
estimated value of around th–A– = 5 ps [15]. Hence, 
this measured lifetime corresponds to the lifetime of 
the free electron to acceptor transition and thus we 
can calculate the capture cross-section for this par-
ticular process.

The capture cross-section of the free electron-ac-
ceptor radiative recombination can be expressed by 
the phenomenological relation:
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lifetime is τh-Si = 2.6 ns which leads to a capture cross-
section of σh-Si ≈ 2.0 × 10–8 cm, which coincides well 
with the other sample result.

5. Theoretical analysis and discussion

A theoretical analysis of the impurity related recom-
bination processes in quantum wells will be based on 
quantum mechanics in the fractional dimensional 
space FDS) [21]. In previously reported papers, the FDS 
approach was used to calculate the optical properties of 
impurity-related CW PL [5, 6], as well as estimating the 
Huang-Rhys factor in multiple quantum wells [22].

The free electon-acceptor radiative recombination 
lifetime and the free hole-donor radiative recombina-
tion lifetime will be considered first. Then, the ratio of 
the capture cross-sections of the free hole-donor ra-
diative recombination and the free electron-acceptor 
radiative recombination (σh-D/σe-A) will be compared to 
the experimental results.

It is well known that low-dimensional systems are 
highly anisotropic, and experimental data obtained, for 
instance in semiconductor QWs, can be analyzed using 
isotropic coordinate systems possessing anisotropic 
Hamiltonians. In the idealized case for infinite QWs, 
the system is presumed to be exactly two-dimensional 
(2D). However, in real structures (not infinite QWs) 
excitons or impurities are not 2D anymore. They are 
in a medium intermediate between 2D and 3D systems 
since the electron- or hole-wave function penetrates 
the barrier in the confining dimension. We can there-
fore consider the structures in another manner, i. e. by 
applying the FDS approach [21] and assuming that an 
anisotropic system in 3D space can be treated as iso-
tropic or unconfined in the effective FDS [23, 24]. In 
this case the single parameter – dimensionality – con-
tains all the information about the anisotropy or con-
finement of the low dimensional system.

Shallow impurities can be considered as hydrogen-
like atoms, and hence the FDS approach can be extend-
ed to describe these systems. In that case the discrete 
bound-state energies and orbital radii for excitons and 
impurities, i. e. a hydrogen-like system, can be given as 
follows [25]:

,    (3)

,    (4)

where n = 1, 2,… is the principal quantum number, Ry 
and a0 denote the Rydberg energy and Bohr radius for 
the exciton or hydrogen-like impurity in the three-

dimensional (3D) case, and α labels the dimensional-
ity parameter which changes from 2 to 3 for idealized 
QWs. For the 2D case, when α = 2, the binding energy 
of the 1s exciton or impurity is a factor of four greater 
than for the 3D case, i. e. E1 = 4Ry.

The impurity binding energy in αD space from 
Eq. 1 for n = 1 is equal:

.    (5)

We adapt the Dumke’s [26] model and use the 
fractional dimensional space approach [5].

The total spontaneous emission rate is obtained 
by summing over all radiation modes [26, 27] and is 
equal to

.   (6)

The index c means the conduction band, ν means 
the valence band, D is a donor, A is an acceptor, re-
spectively. P(c,v)k,(D, A) is the optical transition probabili-
ty between the conduction band state and an acceptor 
level or between the valence band state and a donor 
induced by the interaction of one electromagnetic 
mode. Dα(ħω) is the photon density of states which 
is a current case in the fractional dimensional space. 
Considering the free electron acceptor e-A transi-
tions, the transition probability Pc,k, A in FDS can be 
described by [5]

   (7)

where |dcv|
2 is the conduction-to-valence squared ma-

trix element of the electron dipole moment, a(k) is 
the Fourier transformation of an impurity hydrogen-
like function, and EQW is the forbidden energy gap. 
Considering the 3D case, EQW = Eg, whereas for the 2D 
case this is the energy between the heavy hole Ehh1 and 
the electron Ee1 energy levels in QW’s.

For a hydrogen-like approximation of the acceptor 
impurity and simple valence band structure, shallow 
acceptor wave functions can be expanded as a linear 
combination of valence band functions and the mo-
tion of free carriers. These can be described by a plane 
wave function in the FDS [21], and leads to the result 
that a(k) is the Fourier transformation of the acceptor 
hydrogen-like function [28]:

,    (8)
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where F(r) is the acceptor hydrogen-like function in 
FDS [25]:

, (9)

where aB is the acceptor Bohr radius in the 3D case. 
The Fourier transformation in FDS reads as follows 
[21]:

, (10)

where  represents the Bessel function. The 

coefficient squared |a(k)|2 in FDS is given by

               (11)

Using the parabolic relation of E and k, E  = 
(ħ2k2)  /  (2m*), the energy dependence of the co-
efficient squared |a(k)|2 of the e-A transitions in 
the FDS space is given by

               (12)

where mc
* is the effective mass of the conduction band 

carriers, mp
* is the effective mass of holes, and RyA is 

the acceptor impurity binding energy in the 3D case. 
Consequently, we can similarly write the coefficient 
squared |a(k)|2 of h-D transition.

At k = 0, the highest transition probability |a(k)|2 
is equal to

            (13)

After inserting (12) into (7), the transition prob-
ability Pck,A in the FDS space is equal to

  (14)

For the 3D case, this exactly coincides with the 
Dumke’s [26] theory equation (6). Adopting the SI 
system requires a change of e2 to e2/(4πε0). For the 2D 
case the transition probability can be written as

               (15)

Consequently, similar formulas can be written for 
the h-D transitions. The density of electromagnetic 
modes Dα(ħω) [29] using [23] ideology in FDS can 
be expressed as

,                (16)

where the photon energy is equal to E = ħω. Factor 2 
includes two polarizations [29] where the dαkν is equal 
to

.                (17)

Using kν = E/(ħc) = ω/c, we get dkν/dE = 1/(ħc) and 
the term Dα(ħω) in vacuum can be expressed as

.               (18)

Considering a medium with refractive index nB, 
the light speed in vacuum will be changed to the speed 
in the medium c/nB, which makes Dα(ħω) equal to

  .              (19)
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The recombination rate is given as

 ,               (20)

where NA is the concentration of acceptors in the 3D 
case [1/cm3] and in the 2D case [1/cm2]. τe-A is the 
electron lifetime for the free electron to neutral ac-
ceptor transition, and fc(Ec) is the occupation proba-
bility of electrons in the conduction band [30], which 
can be described by

 .                (21)

The denominator is the effective density of states 
in the conduction band  writ-
ten in FDS. The term Gα(Ec) in (20) represents the 
density of states in the FDS approach and is expressed 
as follows [23]:

,               (22)

where factor 2 takes into account the spin degeneracy.
The inverse lifetime of the electron recombination 

with the bound hole on the acceptor is equal to

                   
(23)

Consequently, the inverse lifetime of hole recom-
bination with the bound electron on the donor is 
equal t

where L3-α is a scaling parameter or the distance of 
medium. In the case MQWs L is a periodic function 
of L = LW + LB [31], Equations (23) and (24) for the 3D 

case at k = 0 are identical for Dumke’s [26] formulas 
(15) and (14).

Considering the 2D case

              (25)

               (26)

When k = 0, the parameters γe-A and γh-D are equal 
units both in the 2D and 3D cases.

The conduction-to-valence squared matrix ele-
ment of the electron dipole moment |dcv|

2 is related 
to the Kane parameter, which for GaAs is equal to 
Ep = 22.71 eV [32]. Hovewer, |dcv|

2 is different in the 
3D and the 2D cases. Considering the 3D case in 
GaAs, both the hh and lh states are degenerate and 
include transition selection rules [33] which leads to 
|dcv|

2 = m0Ep/12, which are important light hole–con-
duction band transitions. In QW’s, both the hh and 
lh states are no longer degenerate and constitute an 
important heavy hole–conduction band transition 
which leads to |dcv|

2 = m0Ep/4.
Considering the e-A process, the parameter γ(T), 

which is a measure of the dependence of transitions 
probability on photon energy, equals to

 ,                             (27)

where k is the Boltzmann constant. Using y = mc
*E/

(mc
*RyA) and β  =  mp

* RyA/(mc
*kT), the combination 

yields the following:

.       (28)

Considering the h-D process, y  =  mp
*E/((mc

*RyD)  
and β = mc

*RyD/(mp
*kT).

The cross-section ratio of σh-Si/σe-Be is a good pa-
rameter to compare experimental and theoretical re-
sults because this process requires only a few para-
meters of materials to be considered. Using (1), (23) 
and (24) the cross-section ratio is equal to
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.         (29)

Considering that the impurity Ry energy is pro-
portional to the effective mass Ry~m* and the thermal 
velocity is proportional to the square root of the in-
verse mass of the carrier , then Eq. (29) 
may be overwritten as follows:

,                (30)

where α  =  3 (in the 3D case) and α  =  2 (in the 2D 
case), whereas γe-A and γh-D are the parameters (28) 
for the e-A and h-D transitions, respectively. For 
the wave vector k  =  0, the transition lifetime is the 
shortest whereas the recombination probability is at 
a maximum. The transition lifetime for the carriers 
with higher energies will be increased due to smaller 
transition probability. The parameters γe-A and γh-D are 
in the order of unity for the 2D case.

The theoretical expressions will be used to calcu-
late numerical data for comparison with the experi-
mental results. All numerical calculations are per-
formed at a temperature of T = 3.6 K, using a silicon 
impurity binding energy in the 3D case of 5.76 meV, 
a beryllium impurity in the 3D case of 28 meV [6] and 
the effective masses from Section 4. The ratio σh-D/σe-A, 
that is estimated according to (30) without correc-
tions of γ, is equal to σh-D/σe-A = 446 in the 3D case and 
σh-D/σe-A = 78 in the 2D case. The parameters of g ac-
cording to (28) for the 3D case are equal to γh-D = 0.34 
and γe-A  =  0.99, respectively, and by using them we 
can calculate the ratio to σh-D/σe-A = 153. One should 
note that for the h-D transitions in GaAs, there is an 
important light hole band [26]. Including this light 
hole band into the calculations in the same manner 
as in [26] leads to a parameter of γh-D = 0.27, and the 
ratio of the cross-sections in the 3D case would now 
be equal to σh-D/σe-A = 121.

The parameters g according to (28) for the 2D case 
are equal to γh-D = 0.82 and γe-A = 1, respectively. By 
applying these values, the calculated ratio according 
to (30) is σh-D/σe-A  =  64, whereas the experimentally 
determined value (using results of Section 4) corre-
sponds to σh-D/σe-A = 55.

The measured recombination lifetime for the Be 
δ-doped NBe = 5.0 × 1010 cm–2 MQWs is τe-Be = 11 ns, 
whereas the calculated value is equal to τe-Be = 7.3 ns 
at 3.6 K according to Eqs. (23) and (28). Consequent-
ly, for the Si δ-doped NSi  =  4.0  ×  109  cm–2 MQWs, 
the measured recombination lifetime is τh-Si  =  6  ns, 

whereas the calculated value is equal to τh-Si = 4 ns at 
3.6 K according to Eqs. (24) and (28).

Since it is known that the cross-section is around 
σe-A = 2 × 10–16 cm2 for the e-A transitions in the GaAs 
[34], one may suppose that the cross-section for the 
free hole to the donor transition in GaAs (σh-D) may 
be in the order of 2.4 × 10–14 cm2.

conclusions

The dynamics of the impurity-related optical transitions 
in 20  nm wide silicon and beryllium δ-doped GaAs/
AlAs multiple QW’s with various doping levels is in-
vestigated near liquid helium temperatures (T = 3.6 K) 
within picosecond scale excitation. The radiative life-
times of the free electron-neutral acceptor and the 
free hole-neutral donor are experimentally studied 
and determined. The capture cross-sections derived 
from recombination lifetimes have been found to be 
σe-Be = 4 × 10–10  cm and σh-Si = 2.2 × 10–8  cm, respec-
tively, in 20  nm wide beryllium and silicon δ-doped 
GaAs/AlAs multiple QW’s. These results have been 
interpreted by adapting the theory of the fractional-
dimensional space approach. The measured recombi-
nation lifetime for the Be δ-doped NBe = 5.0 × 1010 cm–2 
MQWs corresponds to τe-Be = 11 ns and is calculated to 
τe-Be = 7.3 ns at 3.6 K. Consequently, for the Si δ-doped 
NSi = 4.0 × 109 cm–2 MQWs, the measured recombina-
tion lifetime was found to be equal to τh-Si = 6 ns, where-
as the calculated value is equal to τh-Si = 4 ns at 3.6 K. 
Hence a good agreement between the theory and the 
experiment was achieved.
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silicio (Si) donorinių arba berilio (Be) akceptorinių 
priemaišų δ sluoksnis.

Dinaminiai vyksmai tirti esant žemai kvantinių 
duobių gardelės temperatūrai T  =  3,6  K. Fotoliumines-
cencijos žadinimui naudojome diodu kaupinamą Nd:LSB 
kietojo kūno pikosekundinį lazerį. Dinaminiai fotoliumi-
nescencijos vyksmai buvo tiriami pasitelkus bėgant laikui 
koreliuotų pavienių fotonų skaičiavimo metodiką (TC-
SPC). Teoriškai nagrinėjant pagavimo skerspjūvius nau-
dojome trupmeninio matumo erdvės modelį. Išmatuotos 
spinduliuotės gyvavimo trukmės rekombinuojant elek-
tronams su neutraliaisiais akceptoriais yra τe-Be = 11 ns, 
kai NBe = 5 · 1010 cm–2; rekombinuojant skylėms su neu-
traliaisiais donorais – τh-Si = 6 ns, kai NSi = 4  · 109 cm–2. 
Iš eksperimentiškai išmatuotų gyvavimo trukmių nus-
tatytas elektronų pagavimo skerspjūvis neutraliaisiais 
Be akceptoriais lygus σe-Be  =  4  ·  10–10  cm bei skylių pa-
gavimo skerspjūvis neutraliaisiais Si donorais  –  σh-Si  = 
2,2  ·  10–8  cm. Eksperimentiškai nustatytas pagavimo 
skerspjūvių santykis lygus σh-Si/σe-Be = 55, o apskaičiuotas 
dvimačiams dariniams  –  σh-D/σe-A  =  64. Gautas geras 
sutapimas tarp eksperimentinių ir teorinių rezultatų.

KrŪVininKŲ optiniŲ ŠuoliŲ Į neutraliĄsias priemaiŠas DinamiKa 
Be ir si δ-leGiruotose Gaas/alas KartotinĖse KVantinĖse DuoBĖse: 

trupmeninio matumo erDVĖs artĖJimas
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santrauka
Kvantinių duobių elektrinės ir optinės savybės 

priklauso ne tik nuo jų matmenų, bet ir nuo legiruojančių 
priemaišų tipo bei tankio. Puslaidininkiuose seklio-
sios priemaišos turi apibrėžtas aktyvacijos energijas 
bei energinius lygmenų spektrus. Kvantinėse duobėse 
priemaišų energinį spektrą galima mainyti keičiant 
kvantinės duobės plotį. Atsiranda galimybė gauti įvairias 
priemaišų aktyvacijos energijas, kurios yra svarbios ku-
riant terahercinio dažnio emiterius ar jutiklius.

Laisvųjų krūvininkų rekombinacinių vyksmų di na-
mi nės savybės yra svarbios aprašant optines kvantinių 
duobių savybes. Vieni iš svarbiausių parametrų yra 
laisvųjų krūvininkų pagavimo skerspjūviai neutraliomis 
priemaišomis. Iki šiol šie skerspjūviai donorinėms ir 
akceptorinėms priemaišoms kvantinėse duobėse nėra 
nu statyti.

Šiame darbe tirtos kartotinės kvantinės duobės 
buvo užaugintos molekulinių pluoštelių epitaksijos 
būdu ant izoliacinių GaAs padėklų. Kvantinės GaAs 
20 nm pločio duobės atskirtos 5 nm pločio AlAs bar-
jerais. Į kiekvienos kvantinės duobės vidurį įterptas 

capture by impurities, Phys. Rev. B 31(12), 7788–
7799 (1985).


