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Introduction 

 
As documented in the earlier reports, we have performed spectroscopic studies of the 
absorption of far-infrared or Terahertz radiation by impurities in semiconductor 
quantum wells.  The absorbing transition occurs through the excitation of either an 
electron bound to a donor or a hole bound to an acceptor.  Thus unlike typical 
semiconductor devices where the dopants are there merely to provide mobile electric 
charge, in these devices the dopants behave more like single atom quantum dots, 
hence the term `single atom quantum dot infrared photodetectors (SAQDIPs).  
Following the absorption of a photon the excited charge carrier can then be thermally 
ionised from the excited but still bound state of the impurity.  The device concept 
developed in this programme was to have such a system of absorbing impurity states 
in the presence of a lateral (parallel to the plane of the quantum wells) electric field 
which then sweeps away the photo-carriers to form a photocurrent.  The role of the 
quantum well potential is to enable some adjustment in the impurity binding energy 
and hence the wavelength of the peak in responsivity. 
 
p-type dopants, in particular Beryllium (Be) which has a binding energy in bulk GaAs 
of 28 meV was found to be the most suitable for detection in the technologically 
interesting terahertz frequencies.  The 28 meV corresponds to the direct ionisation 
energy of a hole from the impurity ground state to the continuum level associated with 
the ground state subband of the quantum well, in fact absorption will occur when the 
photon energy is sufficiently large to excite the hole from the 1s impurity level to the 
2p.  The latter occurs at ¾ of the value of the binding energy i.e. 21 meV which is 
equivalent to around 60 microns wavelength. Photocurrent may also originate at these 
frequencies if the hole is thermally dissociated before it relaxes back to the 1s ground 
state. 
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Summary of Terahertz photocurrent spectroscopy of beryllium δ-

doped GaAs/AlAs quantum well devices 
 
To test the operation within THz range, we have measured the THz radiation-induced 
photocurrent in an in-plane geometry of the samples at liquid helium temperatures. 
The results are depicted in Fig. 1. The origin of the signal we associate mainly with 
photothermal ionization of Be acceptors as the increasing edge in the photoresponse 
corresponds to the acceptor binding energy. The results of the measurements of two 
earlier samples (1392 and 1794) grown before this project are included for 
comparison.   Sample 1392 had two orders of magnitude higher doping than sample 
1794 and hence produced a significantly higher signal because of the increased THz 
absorption. The signal observed below 4 THz can be related to excited acceptor states 
2P3/2 and 2P5/2 having transition energies several meV lower than the binding energy 
[1]. 
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Sample L152 produced the best performance of the devices fabricated for this project.  
It can be seen from Fig. 1 that in this project by switching the sample supply to our 
new in-house MBE facility in Leeds which is aimed at producing the highest quality 
semiconductor layers and by improving the device fabrication we have been able to 
increase the responsivity, i.e. in this case the photovoltage per unit incident power, by 
an amount which increases from a factor of 50 at 4 THz (75 microns wavelength) to 
100 at 7 THz (43 microns).   
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Fig. 1 Photovoltage responsivity of the δ-doped GaAs/AlAs MQW-based devices recorded across 
the THz range at helium temperatures. 
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Comments on noise 
 

We think that the noise in our Be doped GaAs quantum well structures is of the shot 
noise origin as in conventional GaAs QWIPs designed for mid-infrared detection (see 
for example J. Appl. Phys. 70, 5101 (1991)).  If this is the case, then noise current can 
be calculated according to the equation (see the same reference): 

fgeIi Dn Δ= 4  
where ID is the dark current, g is the optical gain and Δf is the measurement 
bandwidth.  In QWIPs g is usually less than unity and within the range 0.3-0.6, 
therefore the measured current noise is slightly less than full shot noise given by 

feI DΔ4  (again see J. Appl. Phys. 67, 7608 (1990)). 
 
The actual value of g is not yet known in our structures but for the purpose of these 
simple noise calculations, we can take it as approximately unity. We found that at a 
temperature of 4 K and a bias voltage of 10 V the dark current in our Be doped GaAs 
samples is around 40 pA, see Fig. 2. Note the sample is cut from the 300 K 
background radiation with a copper shield kept at 4 K. In this case, the dark current 
shot noise would be equal to 5 fA/√Hz. 
 
Normally, in a detection application a hole must be opened in the cold shield to allow 
the THz radiation in. At the same time background radiation also reaches the sample 
increasing the dark current and also the current noise. The increase in the dark current 
depends on the hole diameter, more specifically, on the field of view angle. Therefore, 
the dark current noise must be re-evaluated for each specific application geometry. 
 
Following on from this the noise equivalent power in the detectors at liquid helium 
temperatures is in the range of 5 nW/Hz1/2.  



 5

-10 -8 -6 -4 -2 0 2 4 6 8 10
10-1

100

101

102

103

104

L-152

Voltage, V

cu
rre

nt
, p

A

4K

10K

15K

 
 
Fig. 2. The dark current-voltage characteristics of sample L152 at different lattice 
temperatures 
 

Summary of device performance 
 

Estimates of the photocurrent responsivity have shown peak values of around 
0.1 mA/W at 41 microns wavelength in the sample L152.  This indicates that there is 
still some way to go for these SAQDIP devices to catch up the performance of state-
of-the-art far-infrared solid state detectors (e.g. the HEIWIP device of Perera et al., 
Appl. Phys Lett. 78, 2241 (2001) gave a responsivity of 0.7 A/W at 40 microns and 
0.007 A/W at 70 microns).  However, the progress made in this project is encouraging 
and there are still avenues to try to improve things further.  For example, the doping 
of sample L152 was deduced to be around 5x1011 cm-2.  We believe, through 
calculations and measurements, that the Be acceptors will retain their quantum dot-
like properties up to the metal-insulator transition which occurs around 5x1012cm12, so 
we have the potential for up to an order of magnitude increase in the doping level 
which we expect to lead to similar improvements in the responsivity.  Therefore we 
can improve the absorption cross-section of the devices by increasing the doping 
density in each well, as long as we stay below the Mott limit.  However, L152 was 
grown with 60 quantum well periods, so the absorption cross-section can be increased 
further by increasing the total sheet doping density, i.e. by increasing the number of 
quantum wells.  We believe that this number of active layers can easily be doubled or 
tripled.  When both of these factors are combined together they indicated that a further 
factor of 20-30 improvement over and above that produced in this work, is feasible.  
This would then improve upon the low temperature performance of HEIWIPs. 
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Roadmap for future development 
 

Single-pixel optimization: 
• Further explorations of optimum doping density: 5 MBE samples 
• Optimisation of the number of active (absorbing) layers: 5 MBE samples 
• Development of resonant cavity for improved coupling of incident radiation 

and absorption centres: 3 MBE samples 
• Optimisation of interdigitated contacts (`gate’ length and spacing) for greater 

photocurrent collection (improved photoconductive gain) 
This would need to be a two year long programme at the level of a dedicated 
postdoctoral research assistant to design, fabricate and carry out the basic 
characterization at Leeds.  A further, probably 50%, part-time researcher would be 
required in Vilnius to complete the terahertz spectroscopy measurements.  

 
 



Compact Solid State Terahertz Detectors:
First interim report

Contract: FA8655-06-1-3007

P. Harrison,
School of Electronic and Electrical Engineering,

University of Leeds, Leeds LS2 9JT, United Kingdom

February 6, 2006

The aims of the project are to design, fabricate and characterisep-type semiconductor het-
erostructures as terahertz detectors. The detectors are designed to absorb photons through intra-
impurity transitions which liberate holes (positive charge carriers) which are then swept to electrical
contacts by a d.c. bias. The planned time-line for the project overall is given in Table 1.

Designing the semiconductor layer structures to be grown was the clearly the first priority and
with this aim a meeting with Gintaras Valušis and co-workers in Vilnius was held to review all our
earlier work and agree the likely optimium layer structure for the electronic and optical properties
of the devices. A subsequent discussion with Ed Linfield, the leader of the growth facility at Leeds,
further informed the designs of the growth envelope and the layer structure for the first prototype
cycle, illustrated schematically in Fig. 1, was settled upon.

x 60

Semi−insulating GaAs substrate

300nm GaAs buffer layer

p−type contact layer
100nm GaAs cap layer

5nm AlAs barrier
15nm GaAs quantum well
5nm AlAs barrier }

Figure 1: Schematic diagram of the layer structure of the semiconductor heterostructures. The GaAs
quantum wells are to be modulated doped to yield carrier densities per period of 5×1010, 5×1012

and 1013 cm−2.

The meeting in Vilnius also covered the requirements for the electro-optic characterisation,
preparations for which are now under way. In the meantime the 3 semiconductor samples, differing
by doping density, have been submitted for growth by molecular beam epitaxy.

1



Project Timetable

Table 1:

Month 1-2 Month 3-4 Month 5-6 Month 7-8 Month 9-10 Month 11-12
Literature search * * * * * *
Device design *
Electro-optic system preparation * *
Device fabrication *
Optical characterisation *
Electro-optic characterisation *
PROJECT MEETING IN VILNIUS *
Device design *
Device fabrication *
Optical characterisation *
Electro-optic characterisation *
PROJECT MEETING IN LEEDS *
FINAL REPORT *
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Introduction 
 
 

The Terahertz (THz) (1−10×1012 Hz or equivalently 300−30 µm wavelengths) region 

of the electromagnetic spectrum lies between microwaves (exploited in mobile 

phones, satellite communications, television) and the infrared (used in heat sensing, 

short-range data communications) and is still largely unexplored and unexploited. 

Despite the large potential applications in such areas as bio-medical imaging 

(diagnosis of melanomas, drug levels in blood, DNA profiling, detection of bacterium 

and viruses), detection of chemical signatures (airport security, food hygiene, textiles) 

and satellite communications, to name a few, there is an obstacle in the way of the 

development of this frequency range – namely that in this region the well-known 

principles of both photonics and electronics are no longer working. That is why a 

development of compact THz devices requires confluence of various technologies and 

establishment of novel principles. 

Quite recently, the THz Atelier group from Vilnius, in co-operation with Frankfurt/M 

(Germany) and Montpellier (France) groups has explored two principles devoted to 

broad band detection using semiconductor nanostructures containing two-dimensional 

electron gases (2DEG). The first way is to excite plasma waves in a 2DEG layer 

embedded in a field-effect transistor (FET) with a submicron length gate. For 

instance, CMOS transistors with a gate length of 30 nm can detect at 2.52 THz [1]. 

The other approach is based around non-uniform carrier heating in 2DEG layers in 

GaAs/AlGaAs modulation doped structures in specifically engineered devices. These 

so-called bow-tie diodes (due to similarity of their shape to a bow-tie antenna) reveal 

an operating bandwidth from 10 GHz−2.52 THz [2]. The inherent feature of the 

diodes is a plateau in the voltage sensitivity across the 10 GHz−0.8 THz range with a 

value around 0.3 W/V. For direct applications, however, one needs to investigate a 

photon detection scheme which is free from the selection rules limitation inherent for 

THz QWIPs (quantum well infrared photodetectors) [3]. 

This problem is the main inspiration of the given work. The object of the 

investigation is p (Be)- and n (Si)- δ-doped GaAs/AlAs quantum wells with different 
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well widths and various doping levels. The study presents comprehensive research, 

both theoretical and experimental, by optical (modulation spectroscopy and 

photoluminescence), electrical and terahertz photocurrent techniques across the 

4−300 K temperature range. 

 
Design of Be and Si δ-doped GaAs/AlAs quantum wells 

 
 

Delta-doped GaAs/AlAs multiple quantum wells (MQWs) were grown by molecular 

beam epitaxy (MBE) on semi-insulating (100) GaAs substrates with a 300 nm GaAs 

buffer. Each of the MQW structures investigated (samples designated as 1807, 1392, 

L29, L30 and L45) contained 20 nm wide GaAs quantum wells (QWs) separated by 

5 nm wide AlAs barriers. The QWs were δ-doped at the well centre with Be acceptor 

or Si donor atoms. The first 100-period GaAs/AlAs MQW structure (sample 1807) 

was weakly doped with acceptor density of 5×1010 cm-2. The second a 40-period 

MQW structure (sample 1392) was highly doped with Be acceptors of density 

2.5×1012 cm-2. The 40-period MQW structures L29, L30 and L45 were relatively 

weakly doped with Si in the range from 4×109 to 1.4×1011 cm-2 and the structures 

were capped with a 100 nm GaAs layer. The doping level and the main characteristics 

of each sample are summarized in Table I. 

 
The schematic band diagram of the δ-doped GaAs/AlAs MQW structures has 

been calculated using Poisson’s and Schrödinger equations, the results of which are 

Table I. Characteristics of the samples: the number of periods, the quantum well 

width (Lw), the δ-doping Be (Si) concentration NA (ND) and the growth temperature of 

the epitaxial layer (T). 

 
Samples Periods Lw (nm) NA  (cm-2) T (ºC) 
1794 200 10 5×1010 550 
1303 50 15 2.5×1012 540 
1392 40 20 2.5×1012 540 
1807 100 20 5×1010 550 
Samples Periods Lw (nm) ND  (cm-2) T (ºC) 
L29 40 20 4×109 670 
L30 40 20 1.4×1011 670 
L45* 40 20 5×1016 (cm-3) 705 

*For sample L45, the Si doping was in the centre 2 nm of 20 nm GaAs quantum well. 
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shown in Fig. 1. We have assumed that the surface Fermi level for the p-type GaAs is 

pinned at 0.5 eV above the valence band. Consequently, this results in the formation 

of a surface depletion layer and a surface electric field. Another depletion layer is also 

formed at the interface between the MQW layer and the substrate due to Fermi level 

pinning near the middle of the bandgap of the semi-insulating GaAs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Optical properties of δ-doped GaAs/AlAs quantum wells: A study by 
modulation spectroscopy 

 

The strong interest in δ-doped semiconductor nanostructures is motivated by the 

possibility of using them as active media in future THz electronic and photonic 

devices. The non-destructive characterization of complex multilayer structures is a 

crucial step in the fabrication of semiconductor devices. Optical modulation 

spectroscopies such as differential surface photovoltage (DSPV), photoreflectance 

(PR) and contactless electroreflectance (CER) are powerful tools to evaluate the 

performance of semiconductor heterostructures [4-8]. 
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Fig. 1. The calculated band diagram of a beryllium (Be) δ-doped 
MQW structure. Ec and Ev are the conduction and valence band edges. 
δz is the width of the Be-doped layer. 
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The first project period was focused on DSPV spectroscopy of nanostructures. The 

main objectives were: (1) to develop the DSPV technique as well as spectral line 

shape analysis methods for investigation of interband optical transitions and electronic 

states in nanostructures; (2) to study SPV and DSPV spectra of Be and Si δ-doped 

GaAs/AlAs multiple quantum wells (MQWs); (3) to calculate the QW energy levels 

in order to disclose the nature of optical transitions and spectral line broadening 

mechanisms as well as the structural quality of δ-doped GaAs/AlAs MQWs.  

Study of δ-doped GaAs/AlAs MQWs by DSPV spectroscopy 

The energy levels of Be acceptors or Si donors embedded in GaAs/AlAs quantum 

wells (QWs) can be tuned across the terahertz (THz) range by changing the width of 

the GaAs quantum well [9, 10]. This is relevant for detectors and emitters in THz 

electronics. Nevertheless, well-width fluctuations (interface roughness) of MQWs will 

result in the inhomogeneous broadening of electronic states [11]. For technological 

development of electronic devices such inhomogeneities are of critical importance 

and must be kept as small as possible. Thus, knowledge about the structural disorder 

of δ-doped GaAs/AlAs MQWs is particularly important for improving the quality of 

heterostructures. A great deal of useful information concerning structural 

inhomogeneities of low-dimensional semiconductor structures can be obtained from 

the study of excitonic linewidths which are very sensitive to disorder [6, 11] and may 

be a key factor in improving the performance of THz devices. 

In this work, room- and low-temperature (90 K) differential surface photovoltage 

(DSPV) was used to study the excitonic transitions in Be and Si δ-doped GaAs/AlAs 

MQW structures. Analysis of the lineshape of the DSPV spectra allowed us to extract 

information on the excitonic parameters for a large number of QW subbands. Special 

attention was paid to examination of exciton line broadening which is directly related 

to the structural quality of MQW systems. 

Experimental setup 

SPV measurements were performed in a chopped light geometry (Fig. 2) by using a 

capacitor-like system with a transparent conducting top electrode under normalized 

incident light intensity conditions [12]. The samples were mounted on copper plate, 

which acts as the back electrode. The top conducting electrode was an indium-tin-

oxide (ITO) coated glass plate. Light from a 100 W tungsten halogen lamp was passed 
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through a grating monochromator SPM-2 and focused onto the sample. The 

illumination intensity was selected at sufficiently low levels in order not to affect the 

line shape of the spectra. In DSPV spectra measurements, we have used a wavelength-

modulation technique [13]. The wavelength λ of the incident probe light was 

modulated by vibrating a fused-silica plate at 87 Hz located near the exit slit of the 

monochromator. Typically Δλ⁄λ was on the order of 10-3. The alternating-current (ac) 

signal generated by a chopped light beam in SPV measurements or by a wavelength-

modulated light beam in the DSPV experiments were recorded by a conventional 

lock-in detection system. The measurements were performed at 90 and 300 K. 

Figure 3 shows the DSPV spectrum measured with the wavelength-modulation 

technique and the numerically computed first derivative of the SPV spectrum with 

respect to the photon energy E, d(SPV)/dE. As can be seen, there is excellent 

agreement between the measured DSPV spectrum and the numerical derivative 

d(SPV)/dE. This provides evidence that the results of wavelength-modulated DSPV in 

δ-doped GaAs/AlAs MQWs are dominated mainly by photon energy modulation and 

the spurious signal from light intensity modulation is negligible. 

Lock-in
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Sample
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Lens
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Shielded Cable

 
 
Fig. 2. Schematic diagram of the experimental setup for SPV and DSPV 

measurements 
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Line-shape analysis of DSPV spectra 

The SPV spectra of δ-doped GaAs/AlAs MQWs were interpreted taking into 

account the fact that two oppositely directed internal electric fields exist in the 

structures, one in the cap layer and one in the buffer layer (see Fig. 1). In this case, the 

total SPV signal should be considered as a superposition of the two signal components 

with opposite sign [8]. We found that the SPV signal component coming from the 

interface region of the GaAs buffer layer is dominant. Since the GaAs cap layer is 

relatively thin, the SPV signal arises mostly due to light absorption in the GaAs buffer 

layer of the MQW sample. Light absorption does also takes place in the QWs. 

Consequently, it is very likely that the features observed in the SPV spectra at the 

energies above the GaAs band gap arise mainly due to the attenuation of incident light 

passing through the MQW layer at the exciton resonances [14]. Therefore, the SPV 

spectrum above the GaAs band gap energy resembles a transmission spectrum of the 

MQW layer. 
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FIG. 3. A comparison of experimentally measured λ-modulated DSPV (bottom, open 

circles) and the numerically computed first derivative of the SPV spectrum (top, solid 

curve) for the GaAs/AlAs MQW sample 1794 at room temperature. 
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The excitonic features in the DSPV spectra were analysed on the basis of the 

model assuming that normal-incident SPV features for MQWs are related to 

photoabsorption. We suppose that the spectral responsivity of the buried interface 

region above the GaAs band-gap energy is slowly varying with wavelength, compared 

to the sharp spectral lines of the optical transitions in the MQW. In this case, 

neglecting the spectral dependence of the reflectivity, the measured quantity dV/dE of 

DSPV should be related to the first derivative of the absorption coefficient α of the 

MQW layer versus photon energy E [15] 

EE
I

IdE
V

V w d
d

d
d11~

d
d1 α

−= ,     (1) 

where V is SPV signal, dw is thickness of MQW absorbing layer, and I is the light 

intensity absorbed in the GaAs buffer layer. 

We found experimentally that the SPV amplitude above the GaAs band gap energy 

increases linearly with the excitation intensity under weak illumination and tends to 

saturate at strong illumination (Fig. 4). Therefore, for the regime of weak excitation 

(dV~I), the wavelength dependence of the SPV above the GaAs band gap can be 

related to the spectral dependence of the absorption coefficient of the MQW layer. In 

this case the normalized DSPV, (dV/dE)/V, spectra are qualitatively equivalent to the 

first derivative of the absorption spectra [15]. 
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FIG. 4. The dependence of the SPV signal amplitude on the relative light intensity at 

the photon energy 1.45 eV for the GaAs/AlAs MQW sample 1794. 
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The energies and broadening parameters of optical transitions responsible for 

the observed DSPV features (Fig. 3) were determined from the fit of the DSPV 

spectra to the derivative functional form proposed by Aspnes [16]: 

( )[ ]m
gEECVdEdV −θ Γ+−= ieRe/)( i ,   (2) 

where C, θ, Eg and Γ are the amplitude, phase, energy and broadening parameter of 

the spectral feature, respectively. The value of parameter m=2 was used in the 

calculations. It should be noted that in this case the expression (2) represents quite 

well the first derivative of an excitonic dielectric function with a Lorentzian 

absorption profile [4, 5], which is appropriate for excitonic transitions in QW 

structures.  

III. RESULTS AND DISCUSSION 

 

DSPV spectra  

We first consider the results from the Be δ-doped GaAs/AlAs MQWs. Figure 5 shows 

the typical DSPV spectra for the GaAs/AlAs MQW structures (samples 1807 and 

1392) at 90 and 300 K. At energies higher than Eg
GaAs (1.424 eV at 300 K and 1.507 

eV at 90 K), the spectra are dominated by the optical features mnH(L) that could be 

associated with excitonic transitions in the MQW region of the samples. The notation 

mnH(L) signifies the transitions between the m-th electron and n-th heavy hole (H) or 

light hole (L) subbands. As mentioned above, by considering excitonic features we 

assumed that the spectra of the normalized DSPV/SPV signal, i.e. the ratio -

(dVSPV/dE)/VSPV, are qualitatively equivalent to the first derivative of the absorption 

spectra. The energies and broadening parameters of the optical transitions responsible 

for the observed DSPV features were determined by best fits of the DSPV spectra to 

the first derivative of a Lorentzian-type function  (2). As can be seen from Fig. 5, the 

experimental DSPV data (open circles) are reasonably well described by this line 

shape model (full lines) both at low and high temperature. The optical transition 

energies (arrows in Fig. 5) were found to change according to QW thickness as 

expected from the quantum confinement effect and also predicted by energy level 

calculations [6]. With decreasing temperature, the DSPV features shifted toward 

higher energies due to the increase in the band gap of the GaAs well layers. At 90 K, 
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the light- and heavy-hole transitions are well resolved owing to the smaller 

broadening of the energy states. 
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Fig. 5. DSPV spectra of Be δ-doped GaAs/AlAs MQWs at 90 and 300 K for weakly 

(a) and highly (b) doped samples. The arrows show the excitonic transitions energies 

obtained from the fit of experimental data (open circles) to the first derivative of a 

Lorentzian-type function (solid curves). 
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Let us now consider the results from Si δ-doped GaAs/AlAs MQWs. Figure 6 shows 

the SPV spectra of Si doped samples L29, L30 and L45 measured at room 

temperature under the same conditions. At low photon energies, these spectra exhibit 

a sharp increase in the photovoltage, which can be related to the onset of absorption in 

bulk GaAs layers. The shoulder around 1.38 eV in the spectra seems to be due to the 

impurities, while the knee at 1.42 eV is related to the GaAs band edge. At higher 

energies, pronounced discrete dips that could be associated with excitonic transitions 

in the MQWs are clearly visible. In order to study the QW-related optical transitions 

with higher resolution, we have measured the DSPV spectra. The DSPV data for three 

Si doped GaAs/AlAs MQW samples are shown by open circles in Fig. 7. In order to 

determine the interband transition energies and broadening parameters, a fitting 

procedure as described above, was performed. The fitting curves are shown with solid 

lines and the arrows correspond to transition energies determined from the fitting. It 

should be noted that no important differences between the DSPV spectra of different 

samples are observed. However, for the samples L30 and L45 the DSPV spectra are 

much broadened. 
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Fig. 6. Room temperature SPV spectra of Si doped GaAs/AlAs MQW samples L29, 

L30 and L45. Arrows indicate the energies of interband optical transitions in MQWs. 

All the spectra are normalized at the photon energy 1.42 eV. 
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Subband structure and optical transitions 

 

To identify the spectroscopic data, we have carried out calculations of energy 

levels and interband transition energies for GaAs/AlAs QWs both for parabolic and 

non-parabolic energy bands in the envelope function approximation [17]. For the 

parabolic energy spectrum, the Schrödinger equation for carriers in a rectangular QW 

was solved numerically by the transfer matrix method [18] and also by using simple 

well-known dispersion relations for rectangular potential profiles [17]. Both 

calculating procedures yield, within 1-2 meV, almost the same values of the energy 

levels. Non-parabolicity effects were taken into account by using energy-dependent 

effective electron and light-hole masses [17]. At the conduction band edge, the 
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Fig. 7. Room temperature DSPV spectra of Si doped GaAs/AlAs MQW samples L29, 

L30 and L45. The transition energies indicated by arrows were obtained from the fit 

(solid line) of the first derivative of a Lorentzian-type function (2) to the experimental 

data (open circles). 
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effective masses of electrons, me = 0.0635m0 in GaAs and me = 0.15m0 in AlAs [16] 

were employed. At the valence band edge, the effective masses of heavy- and light 

holes along the z direction were evaluated from Luttinger parameters γ1= 6.98, 

γ2=2.06 for GaAs and γ1=3.76, γ2=0.82 for AlAs [19]. The forbidden energy gap 

values Eg
Γ

 = 1.424 and 3.018 eV [20] for GaAs and AlAs respectively, were used. The 

conduction band offset was taken to be 0.65. To check the assumption as to the 

rectangular potential profile of the QWs under consideration, calculations of the 

energy levels by solving coupled Poisson-Schrödinger equations have also been 

performed. It was found that the change in the ground state optical transition energy 

due to distortion of the rectangular QW potential profile by δ-doping is negligible and 

remains ≤ 3 meV when the concentration of acceptors is 2.5×1012 cm-2 and the width 

of the QW is 20 nm. For narrower QWs and higher order optical transitions the 

deviations were found to be even smaller. 

The results of the calculations and the experimental data are presented in Fig. 8 

and 9, where the dependencies of the transition energies on the quantum number are 

plotted for Be and Si doped GaAs/AlAs MQWs, respectively. The symbols represent 

the exciton energies determined from the fitting procedure, while the lines correspond 
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Fig. 8. Heavy-hole related excitonic transition energies as function of quantum number 

for Be δ-doped GaAs/AlAs MQWs. The calculations were performed for parabolic 

(dashed curves) and non-parabolic (solid curves) energy band approximations. 
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to theoretical results, obtained for the parabolic (dashed lines) and non-parabolic 

(solid lines) energy band approximations. It should be noted, that the experimental 

transition energies slightly differ at high quantum number n for different Si doped 

GaAs/AlAs MQW samples (Fig. 9). This observation indicated that average well 

width LW could differ slightly from the nominal in this set of samples due to a 

possible technological inaccuracy. 

As can be seen from Figs. 8 and 9 the parabolic band model predicts correctly 

the lowest transitions but overestimates the energies of the higher transitions. 

However, the experimental data are in quite good agreement with calculations 

performed by taking into consideration the energy band non-parabolicity effects. It 

was found that for most transitions studied the calculated interband energies exceed 

the experimental data by ~5-10 meV. This difference should be equal to exciton 

binding energy that was not included in our calculations. However, it is somewhat 

smaller than the exciton binding energies in undoped GaAs/AlAs QWs obtained from 

photoluminescence excitation studies [21]. Such differences could be related to many 

body effects [22]. 
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Fig. 9. The experimental (symbols) and calculated (lines) dependencies of heavy-hole 

related interband transition energies on quantum index n for Si δ-doped GaAs/AlAs 

MQWs. The calculations were performed for parabolic (dashed curve) and non-

parabolic (solid curve) energy bands approximation. 
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Exciton line broadening 

The DSPV spectra of GaAs/AlAs MQWs (Figs. 5 and 7) include a large number of 

well-resolved features associated with higher-energy QW transitions. Using this 

spectroscopic data, it is possible to extract information about the excitonic line 

broadening mechanisms and the interfacial properties, which define the quality of the 

structures studied. Figure 10 shows the dependencies of the broadening parameter Γ 

which represents the full width at half maximum (FWHM) of the exciton line on 

quantum number n determined from the lineshape analysis of DSPV spectra at 90 and 

300 K for both weakly and strongly Be doped MQWs. Experimental data are 

presented for allowed heavy-hole related excitonic transitions. As can be seen from 

Fig. 10, at low temperature, the values of the broadening parameter of the ground state 

11H excitonic transitions are almost the same for 1807 and 1392 samples and equal to 

3±0.1 meV. At 300 K, the 11H exciton feature broadens to 8.7 meV in 1807 MQW 

and 12.5 meV in MQW structure 1392. Besides that, Fig. 10 shows that at both low 

and room temperature the exciton linewidth for sample 1807 increases with quantum 
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Fig. 10. Dependencies of the exciton linewidth Γ (FWHM) on quantum number n. 

Symbols – experiment, lines – fit to Eq. (3). 
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number n more rapidly when compared to sample 1392.  

For Si doped GaAs/AlAs MQWs the Γ(n) dependencies are shown in Fig. 11. It 

should be noted that an increase of the excitonic linewidth with quantum number n is 

observed only for the lowest doping density sample L29. For more heavily doped 

samples L30 and L45 such an increase of the broadening parameter Γ is barely 

visible. 

By interpreting experimental linewidth results, the interplay of several broadening 

mechanisms can be considered: temperature-independent inhomogeneous broadening 

of the exciton energy levels (Γinh) caused by structural imperfections in the QWs, such 

as interface roughness or composition fluctuations in the alloy and temperature-

dependent homogeneous broadening (Γhom) due to exciton-phonon interaction, exciton 

scattering by ionized impurities and free carriers. The inhomogeneous broadening 

component Γinh due to well width fluctuations is usually estimated from the 

experimental dependencies Γ(n) because this component predominantly causes the 

increase of Γ with n [23]. This effect can be understood considering Γinh as the change 
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Fig. 11. The evolution of the broadening parameters Γ(FWHM) of heavy-hole related 

optical transitions as a function of the quantum number n in differently Si doped 

GaAs/AlAs MQWs. 
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of the exciton energy En with any variation of the well width Lw [11] 

Γinh(n) = 2.36 (dEn/dLw) δLw,    (3) 

where δLw is the standard deviation of the well width fluctuations obeying a Gaussian 

distribution and n is the quantum number of the QW subbands. In the case of QW 

systems with infinite potential barriers the derivative dEn/dLw is proportional to the 

square of quantum index n and Lw
-3 and can be expressed as 

dEn/dLw= (h2π2/µLw
3) n2    (4) 

where h is Planck’s constant and μ marks the reduced mass of the electron and hole. 

For finite barrier QW systems the relation (4) does not hold exactly because the 

energies of the excited states are usually lowered due to penetration of the wave 

functions into the barriers and also by band non-parabolicity effects. However, it 

clearly demonstrates that higher order optical transitions are more sensitive to the 

interface roughness in heterostructures than the ground state ones. This peculiarity of 

Γ(n) we used to estimate the interface roughness in QWs for 1807, 1392 and L29 

samples. Note that it is difficult to define an interface roughness in the Si doped 

samples L30 and L45 because there is no clear Γ(n) dependence (Fig. 11). 

The values of δLw characterizing the interface roughness in MQWs were evaluated 

from the broadening of the higher order quantum confined transitions by examining 

experimental Γ(n) dependencies (Fig. 10, 11) with the relation 

Γ(n) = a + Γinh (n),    (5) 

where the parameter a contains all homogeneous broadening (Γhom) contributions. In 

this analysis, δLw and a were treated as adjustable parameters while the derivatives 

dEn/dLw were calculated numerically using a finite square-well potential 

approximation and taking into account the non-parabolicity of the energy bands.  

From best fits of the experimental data to Eq. 5 (Fig. 10, 11, solid lines), the well 

width fluctuations δLw were found to be equal to ∼0.6, ∼ 0.8 and ∼1.0 monolayer (1 

ML = 2.83 Å) in samples L29, 1392 and 1807, respectively. Note, that the higher δLw 

values correspond to the MQW structure 1807 which has a larger number of periods 

(N=100) compared with the structure 1392 consisting of 40 periods. This observation 

implies that variations in width from well to well in addition to fluctuations within the 

same well occur in the structures under study. The values obtained for δLw are typical 

for GaAs/AlAs QW systems and show good interface quality for the samples studied. 
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It should be noted that the evaluated inhomogeneous broadening Γinh≤1 meV for 11H 

excitons is a non-dominant spectral line broadening mechanism both at low and room 

temperatures. Therefore, the other contributions should be important. The thermal 

exciton line broadening may be evaluated taking into account that exciton-acoustic 

phonon interaction coefficient: for GaAs/AlGaAs QWs this is estimated to be in the 

range γac ≈ 1.6-10 μeV/K [24] and the exciton-LO phonon interaction coefficient γLO 

≈ 8-15 meV [25, 26]. According to these coefficients, the spectral linewidth due to 

exciton scattering by acoustic phonons, Γac, is expected to be ∼0.14-0.9 meV at 90 K 

and ∼0.5-3 meV at 300 K while broadening due to scattering by optical phonons, ΓLO, 

should be important only at room temperature and could reach ∼2.6-5 meV. However, 

taking even highest expected values of Γac and ΓLO, the total linewidth for 11H 

excitons arising from thermal (Γth = Γac + ΓLO) and inhomogeneous (Γinh) broadening 

falls below the experimental values of Γ for sample 1392 at 295 K, but is comparable 

to Γ for sample 1807 at the same temperature. The evaluated total linewidth at 90 K is 

also found to be somewhat smaller (by about 1 meV) than the experimental one (Fig. 

10). These observations imply that in weakly doped structures exciton-LO phonon 

scattering is the dominant mechanism of spectral line broadening at room 

temperature. The enhanced broadening in highly doped MQWs at 300 K allows us to 

suggest that it may be due to the contribution of exciton scattering by ionized 

acceptors and free holes. Surprisingly, at 90 K comparable Γ(n=1) values were found 

for samples 1807 and 1392 (Fig. 10), despite their very different acceptor densities. 

To explain this effect, it is proposed that the Coulomb potential of the charged 

acceptors, located within the plane of δ-layer, is screened at low temperature by free 

holes [27]. Therefore, the exciton scattering by ionized impurities may be suppressed. 

From a comparison of the excitonic linewidth for Be and Si doped MQWs (Fig. 10, 

11), it follows that Si doping more effectively broadens the lowest energy quantum 

states. The total linewidth of 11H and 22H transitions at 300 K in Si doped L30 and 

L45 samples is 2-3 meV larger than that in the more Be doped sample 1392. 

Furthermore, in the quantum number range from 1 up to 4, the value of Γ is roughly 

the same for samples L30 and L45. This suggests that the effect of disorder caused by 

the impurity sheet in the QW, which counteracts with the well width fluctuations 

induced effect, is more pronounced in Si doped MQWs. 

Optical properties of δ-doped GaAs/AlAs quantum wells: 
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Study by photoluminescence and fractional dimensions approach  
 
 

The properties of QWs are strongly influenced by the presence of doping impurities. 

The study of impurity-induced effects has both a fundamental interest and is of major 

importance in novel device applications such as high electron mobility transistors and 

QW infrared photodetectors/emitters. 

Variations in the properties can be caused by changing the concentration of the 

dopant from uniform distributions across the QW width to concentrated sheet layers 

resulting in a so-called δ-doped profile. The energetic spectrum of an impurity in the 

QW is dependent on QW width, barrier height, impurity position and impurity 

concentration. Therefore, by changing the design of the structure and the doping 

profile, it is possible to tune in a controlled way the energetic levels. As a general rule, 

the impurity spectrum lies in the range of several meVs. In other words, these 

energies are within the THz range where the development of compact infrared 

emitters and small-size detectors is still an important issue. 

 The majority of previous works have mainly been focused on barrier-doped 

(selectively or modulation-doped) structures; in contrast, properties of doped QWs, in 

particular for the case for acceptor doping, are less understood. In this study, we have 

applied the fractional dimensional space (FDS) technique to beryllium acceptor states in 

GaAs/AlAs MQWs. We have shown that we can describe the excitonic spectrum, 

interband and beryllium acceptor related transitions, by the FDS approach and deduce 

the influence of p-doping effects on the optical properties of QWs having different 

widths and doping levels. 

The FDS approach [28] was firstly applied by He [29-31] to study optical 

properties of anisotropic materials. FDS was found to be a powerful tool to examine 

the lineshape of the interband optical transitions and to elucidate the physical 

mechanisms defining the anisotropy of the system.  

Impurities can be considered as hydrogen-like atoms and thus the FDS approach 

can be extended to describe these systems. In that case the discrete bound-state 

energies and orbital radii for excitons and impurities can be given by [31]: 
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where n =1, 2,… is the principal quantum number, Ry and a0 denote the Rydberg 

energy and Bohr radius for exciton or hydrogen-like impurity in the 3D case, and α 

labels the dimensionality 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. (see for more details, e.g, [32]).  

 To analyze the excitonic photoluminescence spectra we have used a 

dimensionless absorption coefficient (optical density), which was theoretically 

deduced in αD space in [33, 34]: 
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where ω is angular frequency of the incident light, nB is the refractive index of the 

medium, m0 denotes the free electron mass, e is electronic charge, c stands for the 

velocity of light, Lc labels the effective length of the active medium, 2
cvd is the 

conduction-to-valence squared matrix element of the electron dipole moment and Γ(x) 

denotes Euler’s Gamma function. 

 The measurable dimensionless absorption coefficient including the Lorentzian 

line shape with full-width at half-maximum w can be calculated from: 
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The luminescence intensity IPL(E) is related to the absorption coefficient K(E) through 

the energy balance relation 

     )()()( EfEKEI PL ∝ ,              (11) 

where f(E) is a suitable thermal function. In the limit of non-degenerate carrier 

density,  f(E) can be approximated by a Boltzmann distribution function. 

 In order to describe the shape of the spectrum it is of particular importance to 

evaluate the dimensionality parameter α of the confined exciton in the QW. There are 

several ways to proceed with this problem. For example, in Ref. 32, a simple 

definition of α on the well width for excitons is proposed: 
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where LW represents the well width and aex is the effective exciton Bohr radius. This 

equation is valid for infinite QWs. For real QWs with finite potential barriers, it can 

only be used for large QWs comparable to the infinite barrier theoretical device. The 

microscopic approach for α is proposed in Ref. 35, where one takes into account the 

penetration of the carriers into the barriers and incorporates the continuous 

interpolation of the material parameters from their values in the well region to their 

values in the barrier regions. The second option is to directly calculate the 

approximate values of α by solving the Schrödinger equation in αD space, as was 

suggested in Ref. 36. However, this method is rather complicated when it comes to 

interpreting the experimental results, since it requires additional theoretical 

calculations for all the particular QWs. Therefore, a more convenient way to obtain a 

dimensionality parameter is to use experimental data or other theoretical methods to 

calculate values of the exciton binding energies as a function of the well width. The 

dimensionality can then be determined directly by using Eq. 6. 

 The absorption coefficients of the interband optical transitions were calculated 

using the complex dielectric function from Ref. 30: 
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where ( )**** / vcvccv mmmm +=μ  is the reduced effective mass of the electron and hole. 

Here νν
QWE  is the energy gap between the ν’th subband of the conduction, and ν’th 

subband of the valence band.  

The calculations for LW = 15 nm (NBe = 2.5×1012 cm-2) of each transition observed in 

the PL spectrum together with the experimental data at liquid nitrogen temperature is 

presented in Fig. 12. The excitonic PL spectra and interband transitions were 

calculated by the FDS approach including Lorentzian convolution, whereas the 

lineshape of bound excitons [Be, X] was approximated by a Gaussian. The 

dimensionality was extracted using Eq. 6. 

 

 
 
Fig. 12. The PL spectra of the δ-doped GaAs/AlAs MQWs with LW = 15 nm 
(NBe = 2.5×1012 cm-2) at liquid nitrogen temperature. Xe1-hh1 and Xe1-lh1 

indicate heavy-hole and light-hole excitonic transitions, [Be, X] labels 
exciton bound-to-Be acceptor, e-Be designates electron-neutral Be acceptor 
transitions, and e1-hh1 indicate electron-hole transitions. Dashed lines 
depict theoretical calculations; solid line represents the sum of all 
recombination mechanisms. The dimensionality, full-width at half-
maximum of the Lorentzian or Gaussian convolution (given in parentheses) 
and relative weightings in the integrated PL spectra for various transitions 
are the following: e-Be (α = 2.87, wG  = 6.4 meV) – 0.23; [Be,X] (wG = 
4.7 meV) – 0.15;  Xe1-hh1 (α = 2.3, wL = 3.5 meV) – 0.5; Xe1-lh1 (α = 2.2, wL = 
3.5 meV) – 0.1; e1-hh1 (α = 2.3, wL = 3.5 meV) – 0.02. 
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 In the modelling of the lineshape, we have assumed that the broadening of the 

excitonic PL linewidth consists of two components: a homogeneous and an 

inhomogeneous part: 

    ]1)//[exp(
0

−++Γ=Γ kTbaT
LO

ωh ,              (14) 

where Γ0 is the temperature T independent inhomogeneous width, while the second 

and third terms arise from the increase of the exciton scattering by acoustic and 

optical phonons with temperature, respectively. The coefficients a and b represent 

corresponding scattering strengths. As a general rule, the Γ value is obtained from the 

measured PL spectra using Gaussian or Lorentzian convolution procedures. 
 

 
Fig. 13. The spectral shape of free electron-acceptor transition in LW = 10 nm width 

MQWs (NBe = 5×1010 cm-2) at liquid nitrogen temperature. Points show experimental 

data, lines denote theory: the dotted line is without and the solid line is with Gaussian 

convolution; the full-width at half-maximum is wG = 6 meV. Dimensionality α = 2.8. 

The energetic scale is relatively and shifted by the forbidden quantum well energy 

minus the acceptor binding energy. 

 

The modelling results and the experimental data for the QW of 15 and 10 nm width at 

77 K are presented in Fig. 12 and Fig. 13, respectively. It is clear that the use of a 

Gaussian convolution parameter with full-width at half-maximum wG = 6.4 meV for 

LW = 15 nm and wG = 6 meV for LW = 10 nm, provides excellent agreement with the 
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experimental results. In contrast, without the Gaussian convolution one can only 

approximate the high energy wing of the spectrum, while the low energy part in the 

simulations remains “step-like” (see Fig. 13), and hence does not fit into the 

experimental data. Knowing that dopants cause band edge fluctuations − so-called 

random potential or disorder − this effect, together with the phonon interaction, 

affects PL spectra inducing broadening in free electron-to-acceptor PL lineshape. The 

dimensionality was estimated from experimental acceptor binding energy, using 

formula 

     
2

1
2

⎟
⎠
⎞

⎜
⎝
⎛

−
=

αIyA RE .              (15) 

 Note that the lineshape of the transition is asymmetric. We suppose that this PL 

spectral feature is defined mainly by the spectral shape of the absorption coefficient 

and its product with the carrier distribution function. The influence of the 

energetically higher lying Γ7 light-hole acceptor state on the PL spectral shape should 

be negligible because its splitting from the heavy-hole state amounts from only 

0.55 meV up to 0.65 meV if the QW width decreases from 15 nm to 10 nm [37]. 

 Finally, we will briefly comment on the influence of electron-phonon interactions 

on the threshold energy of the free electron-acceptor transition. We believe that the 

threshold energy and the acceptor binding energy are two different parameters. We 

have observed that the maximum of free electron-acceptor spectra is blue-shifted by a 

few meV from the threshold energy. However, we have ignored the electron-phonon 

interaction in our calculations which exhibit a strong effect in polar material such as 

GaAs. These interactions are known to cause longitudinal optical phonon (LO) 

sidebands which have been observed for the free electron-acceptor transitions in GaAs 

[38] and GaAs/AlAs MQWs [39]. The LO phonon interaction causes a red shift of the 

threshold energy, whose value is a few meV and there were an observed discrepancy 

between the threshold energy and acceptor binding energy in our experiments. This is 

the reason why, in order to overcome this effect, the true free electron-acceptor 

transition energy should be interpreted close to the maximum of the PL spectra.  

 Our experimental results and theoretical calculations are in excellent agreement 

with previous studies of the 3D case. One can clearly see that the FDS approach can 

be successfully used to analyze free-electron - acceptor impurities located in all 

positions of the QWs. The only condition that implies the impurities should be located 
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in a sheet and that their concentration should be low enough to provide no interaction 

between them. In this case our model can successfully be used to analyze free holes-

to-donors transitions in QWs. 

CONCLUSIONS 
 

1. We have designed various structures of δ-doped GaAs/AlAs MQW for optical, 

terahertz and electrical measurements. 

2. Using DSPV spectroscopy, we have studied interband optical transitions, 

electronic structure and structural quality of Be and Si δ-doped GaAs/AlAs 

MQW samples designed for THz sensing applications. The energies of 

excitonic transitions and line broadening parameters for a large number of QW 

related transitions were determined from the line-shape analysis of DSPV 

spectra. The spectroscopic data of transition energies were found to be in 

agreement with calculations within the envelope function approximation 

which took into account the non-parabolicity of energy bands. 

3. Analysis of the dependence of the exciton linewidth broadening on the 

quantum subband number allowed an evaluation of the line broadening 

mechanisms and interface roughness in the MQW structures.  

4. In weakly Be-doped structures the exciton-LO phonon scattering is found to 

be the dominant mechanism of spectral line broadening at room temperature. 

The enhanced broadening in highly doped MQWs at 300 K may be due to 

contribution of exciton scattering by ionized acceptors and free holes. In Si-

doped MQWs the doping broadens more effectively the lowest energy 

quantum states than doping with Be. 

5. The average well width fluctuations were found to be ~0.6 – 1 ML and show 

good structural quality of studied samples.  

6. Theory based on fractional dimensions to analyse impurity-related transitions 

was developed and applied for Be δ-doped GaAs/AlAs MQW samples; good 

agreement between experiment and theory is obtained. 
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Introduction 

 
 

The Terahertz (THz) (1−10×1012 Hz or equivalently 300−30 µm wavelengths) region of the 
electromagnetic spectrum lies between microwaves (exploited in mobile phones, satellite 
communications, television) and the infrared (used in heat sensing, short-range data 
communications) and is still largely unexplored and unexploited. This is despite large potential 
applications in such areas as bio-medical imaging (diagnosis of melanomas, drug levels in 
blood, DNA profiling, detection of bacterium and viruses), detection of chemical signatures 
(airport security, food hygiene, textiles) and satellite communications, to name but a few.  The 
main obstacle in the development is just a characteristic of this frequency range – here the well-
known principles of both photonics and electronics are no longer applicable.  That is why a 
development of compact THz devices requires the confluence of various technologies and the 
establishment of novel principles. 
Quite recently, the THz Atelier group from Vilnius, in co-operation with groups in Frankfurt/M 
(Germany) and Montpellier (France) has explored two principles devoted to broad band 
terahertz detection using semiconductor nanostructures containing two-dimensional electron 
gases (2DEG). The first way is to excite plasma waves in the 2DEG layer embedded in a field-
effect transistor (FET) with submicron length gate.  For instance, in CMOS transistors with a 
gate length of 30 nm the detection is at 2.52 THz [1]. The other approach is via non-uniform 
carrier heating in a 2DEG layer in GaAs/AlGaAs modulation doped structures in specifically 
engineered devices. These so-called bow-tie diodes (due to similarity of their shape to a bow-tie 
antenna) reveal a bandwidth of operation within the 10 GHz−2.52 THz range[2]. The inherent 
feature of the diodes is a plateau in voltage sensitivity across the 10 GHz−0.8 THz range with a 
value around 0.3 W/V. For direct applications, however, one needs to investigate a selective 
detection scheme which is free from selection rules limitation inherent for THz QWIPs 
(quantum well infrared photodetectors) devices [3]. 

 
This problem is the main inspiration of this work. The object of the investigation is p (Be)- 

and n (Si)- δ-doped GaAs/AlAs quantum wells with different well width and various doping 
levels. The study presents comprehensive research, both theoretical and experimental, by optical 
(modulation spectroscopy and photoluminescence), electrical and terahertz photocurrent 
techniques within 4−300 K temperatures. 
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Design of Be and Si δ-doped GaAs/AlAs quantum wells 
 
Delta-doped GaAs/AlAs multiple quantum wells (MQWs) were grown by molecular beam epitaxy 
(MBE) on semi-insulating (100) GaAs substrates with a 300 nm GaAs buffer. Each of the MQW 
structures investigated (samples designated as 1807, 1392, L 29, L 30 and L 45) contained 20 nm or 
15 nm (samples 1303, L 79, L 151, L 152, L 153 and L 154) wide GaAs quantum wells (QWs) separated 
by 5 nm wide AlAs barriers. The QWs were δ-doped at the well centre with Be acceptor or Si donor 
atoms. The first 100-period GaAs/AlAs MQW structure (sample 1807) was weakly doped with acceptor 
density of 5×1010 cm-2. The second a 40-period MQW structure (sample 1392) was highly doped with Be 
acceptors of density 2.5×1012 cm-2. The 40-period MQW structures L29, L30 and L45 were relatively 
weakly doped with Si in the range from 4×109 to 1.4×1011 cm-2 and the structures were capped with a 
100 nm GaAs layer. The doping level and the main characteristics of each sample are summarized in 
Table I. 
 

Table 1  Characteristics of the samples: the repeated period, the quantum well width (Lw), the δ-doping Be and Si 
concentrations (NA) and (ND), respectively, and the growth temperature of the epitaxial layer (T). 

Samples Periods Lw (nm) NA (cm-2) T (ºC) 
1794 200 10 5×1010 550 
1303 50 15 2.5×1012 540 
1392 40 20 2.5×1012 540 
1807 100 20 5×1010 550 

Samples Periods Lw (nm) ND (cm-2) T (ºC) 
L 29 40 20 4×109

  670 
L 30 40 20 1.4×1011

  670 
L 45 40 20 5×1016

 (cm-3) 705 
L 79 50 15 5×1012

  700 
L 151 60 15 5×1011

  706 
L 152 60 15 5×1010

  710 
L 153 60 15 5×1012

  700 
L 154 60 15 9.99×1012

  700 

*For sample L45, the Si doping was in the centre 2 nm of 20 nm GaAs quantum well. 
 
 The schematic band diagram of δ -doped GaAs/AlAs MQW structures was calculated from Poisson’s 
equation. It was assumed that the surface Fermi level for p-type GaAs is pinned at 0.5 eV above the 
valence band. Consequently, this results in the formation of a surface depletion layer and a surface 
electric field. Another depletion layer is also formed at the interface between the MQW layer, and the 
substrate due to Fermi level pinning near midgap of the semi-insulating GaAs. The results of calculations 
for silicon doped QWs are given in Fig. 1. 
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Photoluminescence of δ-doped GaAs/AlAs quantum wells 

 
The optical and electrical properties of quantum well structures are strongly influenced by the presence 
of doping. Despite detailed investigations of n-type doped quantum wells over a very broad doping range 
[1-4], questions still remain about the formation of impurity bands and the broadening of low energy tails 
in Si doped GaAs/AlxGa1-xAs quantum wells. 

Impurities in quantum wells (QWs) can be distributed smoothly or be concentrated in a sheet – so-
called δ-doping. The structure of the impurity spectrum also depends on the quantum well width, the 
barrier height, the impurity position, and the doping concentration [5-9]. In the case of highly δ-doped 
semiconductors or quantum wells, the interacting impurities form a new state leading to the creation of a 
two-dimensional carrier gas [10, 11]. 

For high impurity concentrations, photoluminescence (PL) spectra are limited by line broadening, 
and indeed recombination lines can merge obscuring the PL spectrum. Experimentally this problem 
cannot be resolved by reducing the lattice temperature as the line broadening is determined not only by 
phonons, but also by additional scattering mechanisms. These include the random distribution of 
impurities in the host lattice and interface roughness, which becomes predominant particularly for the 
case of narrow QWs. 

It is generally accepted that high concentrations of impurities in semiconductors and QWs create 
tails in the distribution of allowed energy states, extending into the normally forbidden gap. As silicon is 
an amphoteric impurity in GaAs and GaAs/AlxGa1-xAs QWs, and can thus act as a shallow donor or a 
relatively shallow acceptor. The nature of the doping is dependent on the growth technique and 
conditions but, as a rule, typical molecular-beam epitaxial (MBE) growth conditions for Si-doped GaAs 
result in compensated n-type material. There is, however, still doubt on the origins of the compensation 
[12]. 

Here, we present results of an investigation the PL properties of highly Si δ-doped GaAs/AlAs 
multiple QWs at liquid nitrogen and room temperatures. We discuss possible mechanisms for carrier 
recombination in the QW structures placing particular emphasis on the origin of the low energy tail in the 
PL spectra, and its features. 
 

EXPERIMENTAL RESULTS 
 

The PL spectra of the Si δ-doped MQWs are shown for different impurity concentrations in Figs. 2 and 3, for 
samples with well widths LW, of 20 nm and 15 nm respectively. Data are shown (a) at room and (b) at liquid 
nitrogen temperatures. A series of clearly resolved PL peaks can be seen. 

Fig. 2. PL spectra of the Si δ-doped GaAs/AlAs MQWs with well width LW=20 nm at (a) room and (b) liquid 
nitrogen temperatures for various doping concentrations near the intrinsic transition region. Arrows in (a) indicate 
Ee1-hh1, Ee2-hh2, and Ee1-lh1, the calculated energy differences between the first heavy-hole and first electron, the 
second heavy-hole and second electron, and the first light-hole and first electron energy levels, respectively. Xe1-hh1 
and Xe1-lh1 show heavy hole and light hole excitonic transitions, respectively. SiGa-h indicates the Si donor-free hole 
transitions and GaAs, the PL spectrum from the GaAs substrate. Brackets give Si concentration in units of cm-2. 
The spectra have been shifted vertically for clarity. 
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In undoped and moderately Si doped samples, both heavy-hole and light-hole excitonic peaks (denoted as 

Xe1-hh1 and Xe1-lh1, respectively) are almost merged together at room temperature. At liquid nitrogen temperature, 
they became resolved as the most intense PL bands in the spectra. Arrows (Fig. 2 (a) and Fig. 3 (a)) indicate the 
calculated values of the sublevel energy differences of these PL transitions. The parameters used in the 
calculations are: a conduction-band-energy-discontinuity of Q=0.6; for GaAs an electron effective mass 

0
* /)( mme Γ =0.0665, valence band Luttinger parameters γ1=6.82 and γ2=2.1, a forbidden energy gap 

Eg(Γ, 300 K)=1.4256, and for AlAs 0
* /)( mme Γ =0.124, γ1=4.04, γ2=0.78, Eg(Γ, 300 K)=3.02 [13]. 

 

Fig. 3. PL spectra of the undoped and Si δ-doped GaAs/AlAs MQWs with well width LW=15 nm at (a) room and 
(b) liquid nitrogen temperatures for various doping concentrations near the intrinsic transition region. The same 
symbols are used as in Fig. 2. The spectra have been shifted vertically for clarity. 
 

From Figs. 2 and 3, it is clear that the spectra of highly doped samples are more complex, with the 
peak structure becoming more pronounced at 77 K. In addition to the peak arising from the substrate 
(marked as “GaAs” in Figs. 2 (a) and 3 (a)), an additional peak, indicated as SiGa-h, appears. This is 
assumed to relate to the Si donor--free hole transitions. It is worth noting that on the higher energy side 
of this transition, there are shoulders, the positions of which coincide with the heavy- and light-hole 
excitonic transitions of undoped or lightly doped samples. We deduce that the spectra for the highest 
doped sample arise from several constituents related to Si-donor related transitions and excitonic 
emissions.  

The low energy tail of the PL spectra at liquid nitrogen temperatures for the Si δ-doped 
GaAs/AlAs MQWs with LW=20 nm and 15 nm are shown in Figs. 4 (a) and 4 (b), respectively. In the 
same figures, for comparison, we have presented PL spectra of p-type Be δ-doped GaAs/AlAs MQWs, 
the spectral lines of which were clearly identified in [14]. The p-type spectra consist of a series of lines 
related to free electron-acceptor, or donor-acceptor and its LO-phonon replicas, transitions. It is seen that 
for undoped and weakly Si δ-doped samples the observed spectra are similar to Be δ-doped MQWs. This 
indicates that transitions related to residual donors, acceptors and their phonon replicas prevail in the 
spectra. However, for highly Si δ-doped samples, the low energy PL spectra changes drastically: Firstly, 
the PL emission is more intense in the low energy tail and the spectra loses its fine structure; secondly, 
we observe new bands at energies of 1.438 eV for LW=20 nm and 1.442 eV for LW=15 nm, which are 
marked as SiGa-GaAs transitions in Fig. 4. 
 

The low energy tail PL spectra at 77 K are given in Fig. 5: (a) shows data taken in Si δ-doped 
GaAs/AlAs MQWs with NSi=1.4⋅1011 cm-2 and LW=20 nm various laser excitation intensity; while (b) 
part presents results on Si δ-doped GaAs/AlAs MQWs with LW=15 nm (NSi=1.4⋅1011 and 4.0⋅1011 cm-2) 
for two laser excitation intensities. It can be noted that the energy positions of lines are independent of 
the laser excitation intensity; however, the relative PL intensity depends on the laser excitation intensity. 
For the bands marked as SiGa-GaAs we observe a tendency of saturation in the PL intensity at higher laser 
excitation levels. 
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Fig. 4. The low energy tail PL spectra of undoped and Si δ-doped GaAs/AlAs MQWs with widths: (a) LW=20 nm 
and (b) LW=15 nm at liquid nitrogen temperature. e-A indicates the free electron-neutral acceptor transitions, and D-
A the donor-acceptor transitions. For comparison the PL spectra of a Be δ-doped GaAs/AlGaAs MQW is shown for 
(a) NBe=5.0⋅1010 cm-2 and (b) NBe=2.5⋅1012 cm-2. Here, e-Be is the free electron-neutral Be acceptor transition, e-
Be1LO, e-Be2LO depict the first and the second phonon replica transitions, and D-Be and D-Be1LO indicate donor-Be 
acceptor and its phonon replica transitions. SiGa-GaAs marks the Si donor-antisite defect related transitions. Other 
symbols are as defined in Fig. 2. The spectra are shifted vertically for clarity. 
 

Fig. 5. The low energy tail PL spectra of the Si δ-doped GaAs/AlAs MQWs with (a) LW=20 nm, and (b) LW=15 nm 
at liquid nitrogen temperature for different laser excitation intensities. The notation is the same as in Figs 2 and 4. 
The spectra are shifted vertically for clarity. 
 
 

DISCUSSION 
 
Impurities are fundamental to determining the electronic, optical and transport properties of QWs. Most 
of these properties depend on the doping level. A model assuming non-interacting impurities can explain 
the properties of weaker doped QWs. However, as the impurity concentration increases, one reaches a 
situation where single-impurity theory is no longer valid as the overlap of impurity wave functions 
becomes significant. At these concentrations is the start of the formation of the impurity band and the tail 
of the first conduction or valence subband edge, depending on the doping type. With further increases of 
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dopant concentration, an overlap of the broadened impurity band with the free carrier continuum occurs, 
making the impurity and conduction (valence) bands degenerate. This threshold corresponds to a 
transition from insulating to metallic behavior of the carriers – it is the so-called Mott transition [15]. In 
δ-doped QWs, where the impurity concentration is above the metallic limit the impurities begin to form a 
V-shaped potential well with a new two-dimensional subband structure. 
 

In our analysis we assumed that the highly Si δ-doped GaAs/AlAs MQWs are non-degenerate, and 
their impurities are close to the Mott transition. As we observe shoulders in the spectra, which are 
consistent with excitonic transitions in the undoped or weakly doped samples, this indicates that the 
transformation of the sublevel system of the QW is minimal. It is known that in Si-doped MQWs 
excitons continue to dominate in the radiative recombination at doping levels right up to metallic limit 
[4]. The critical concentration for the insulator-metal transition and formation of subband structure, for δ-
doping with donor impurity can be estimated from the relation [16] 
      31.02/1 ≈BI aN ,     (1) 

where NI  is the critical doping concentration [1/cm2], and aB is the impurity Bohr radius [cm]. For QWs 
with LW=20 nm and 15 nm, the donor activation energies are equal to about 9.4 and 10 meV, respectively 
[1, 6]. These values correspond to Bohr radii aD ≈ 6.1 nm and 5.8 nm, which leads to critical 
concentrations of 2.6⋅1011 cm-2 and 2.9⋅1011 cm-2. It was found experimentally that in n-type QWs the 
Mott transition occurs in the range ND=2⋅1011- 4⋅1011 cm-2 [17]. Therefore, it might be that the change in 
the PL spectrum observed in our measurements at high doping levels can also be related to the Mott 
transition. However, this effect is definitely not enough to explain the rather broad low-energy tail in the 
PL spectra, which spreads over about 100 meV. Interpreting this effect within the traditional models of 
the formation of an impurity band and band tail is unsuccessful in the case Si doping, because these 
models give broadening energies of approximately a few Rydbergs [9]. It thus seems very likely that the 
effect is related to the amphoteric nature of Si as an impurity in GaAs: For high doping densities, a 
fraction of the Si dopants can occupy As sites and behave as acceptors. This self-compensation 
mechanism leads to fluctuations of conduction and valence bands – a so-called random potential – 
forming band-tail states. This model may help explain the luminescence properties of GaAs doped with 
Si impurities [18]. A similar effect might thus be expected in QWs doped with Si. 
 

To complete the picture of the origin of the PL spectra, one needs to note that in highly doped 
samples we have also observed a new band, which is marked as SiGa-GaAs in Figs 4 and 5. To choose a 
possible model to interpret the formation of this band, we considered native and Si-related defects in 
GaAs. Six elementary native point defect species exist in GaAs: vacancies in the Ga sublattice (VGa), 
vacancies in the As sublattice (VAs), Ga self-interstitials, As self-interstitials, and antisite defects formed 
by a Ga atom on an As site (GaAs) or an As atom on Ga site (AsGa) [19]. Amongst the six intrinsic defects 
of GaAs, only VGa and GaAs are acceptors [20]. For Si doped GaAs, it has been found that Si can behave 
as donor SiGa, an acceptor SiAs and form Si pairs, clusters and complexes of Si atoms with native defects 
[12], which together can be responsible for self compensation mechanisms and creation of energy levels 
in the forbidden energy gap. From our experimental data, if we assume that we deal with donor SiGa-deep 
acceptor level transitions, we can find the acceptor binding energy (or acceptor band center energy) 
EA(SiGa-GaAs) from the relation  

)GaSi()S()()()GaSi( AsGa1AsGa −−−+=− − EiEXEXEE hhhheA ,  (2) 

where E(Xe1-hh1) and E(SiGa-GaAs) are the energies of the Xe1-hh1 and SiGa-GaAs lines, and E(Xhh) and E(Si) 
are the binding energies of the heavy hole exciton and Si donor. For GaAs/AlAs QWs with LW=20 nm 
and 15 nm, the heavy hole exciton binding energies are E(Xhh)=8.2 and 9.6 meV respectively [21] and 
we deduce EA(SiGa-GaAs)=78.8 and 79.6 meV. This energy is in agreement with EA (SiGa-GaAs)=78 meV 
found for bulk Si doped GaAs [20, 22] and also observed in MBE grown Si-doped GaAs layers [23]. The 
inherent feature of this band is that it dominates the PL spectrum at low excitation power, but is 
quenched as the excitation power is increased [22]. We observed a similar effect in QW data shown in 
Figs 4 and 5. However, for one sample (L30) with a well width LW =20 nm and a doping level 
NSi=1.4⋅1011 cm-2, we did not observe a SiGa-GaAs band in PL spectrum, see Fig. 4 (a). This could be 
related to the fact that this sample was grown at lower temperature since, generally, the formation of 
defects is very sensitive to the growth conditions [23]. 
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 Comparison of the PL spectra recorded in various QWs structures at 77 K are given in Fig. 6. 
The inherent feature of all the spectra is highly pronounced Be-impurity associated peak within 1.50-
1.51 eV. 
 
 
 

 
 

In summary, we have studied the influence of Si impurity concentration on the excitonic 
photoluminescence spectra of δ-doped GaAs/AlAs multiple quantum wells with widths LW=20 and 
15 nm, observing line broadening and the creation of donor SiGa- free hole and donor SiGa- acceptor SiAs 
transitions. At high doping concentrations, we have also observed the formation of a low-energy PL tail, 
which is related to Si impurities in GaAs being amphoteric in nature. The low-energy PL tail contains an 
emission band which we attribute to transitions from a SiGa donor to a deep p-type antisite defect GaAs. 
The activation energy of this defect was found to be about 79 meV. 
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Photoreflectance spectroscopy of δ-doped GaAs/AlAs quantum wells 
 
The results of the photoreflectance (PR) spectra within the range 1.35 – 1.70 eV for the p-type and n-type 
GaAs/AlAs MQW samples with various well widths and doping concentrations are given Fig. 7 and Fig. 
8. The PR spectrum from an epitaxial p-GaAs layer is also shown for comparison in Fig. 7. As one can 
see, the PR signal exhibits oscillatory behavior above the band-gap energy of GaAs (1.424 eV). It was 
found that the oscillations are not related to the light interference fringes visible in reflectivity spectra 
(not shown) because its period could be reduced by the optical bias via the photovoltage effect. We 
attribute therefore the oscillatory features in PR spectra to the Franz-Keldysh oscillations (FKOs) 
originating due to internal electric fields in the samples [1, 2]. In addition to the FKOs, at higher 
energies, a number of mnH(L) features associated with the excitonic transitions in the MQW region of 
the samples are observed. The notation mnH(L) signifies here the transitions between the m-th electron 
and n-th heavy hole (H) or light hole (L) subbands. These features are more pronounced in the DSPV 
spectra of these samples and will be considered in detail later. Now, we will discuss the origin of the 
FKOs above the GaAs band gap energy. 
According to the calculated band diagram, the FKO features in the structures studied may be induced by 
photo-modulation of the band bending near the surface in the GaAs cap layer, and/or near the interface in 
the GaAs buffer layer. Obviously, the effectiveness of the photo-modulation of the interfacial electric 
field is limited due to light absorption in the structure above the buffer layer. Therefore, the PR intensity 

should be strongly dependent on the thickness of the mentioned structure as well as the wavelength 
(penetration depth) of the modulation light beam. Also, it is worth noting that the phase of FKOs 
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originating from the buried interface shifts strongly with the change of the epilayer thickness due to an 
interference effect [3]. It is possible therefore to use these peculiarities to unveil the origin of the 
observed FKOs. More detailed consideration of the PR results, for instance, for samples 1807, 1794 and 
1795 (Fig. 7) shows that the change in the thickness of the MQWs layer from 2.5 (sample 1807) to 
3.2 μm (sample 1795) does not affect strongly the phase of the FKOs. Also, we have found that the phase 
and the period of the FKOs do not depend on the  
 
 
wavelength (penetration depth) of the pump beams. Therefore, it could be inferred that the PR signals for 
these thick MQW samples arise mainly due to the photomodulation of the surface electric field. 
Calculations have shown that the structures studied should exhibit a nearly uniform electric field in the 
undoped GaAs cap layer and cause slowly decaying FKOs in the PR spectra. In contrast, due to the 
broadening effects and non-uniform electric field the FKOs are damped much faster in a doped epitaxial 
GaAs layer then in MQWs (Fig. 7). 
By analyzing FKOs, it is possible to calculate the surface electric field. In such analysis, the oscillatory 
behavior of FKOs is described as [1] 
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where E is the photon energy, Eg is the band-gap energy, 31222 )8( μθ hh Fe=  is an electro-optic energy, e 
is the electron charge and μ is the reduced mass of the electron and hole in the direction of the electric 
field F, h  is Planck’s constant and ϕ is a phase factor which is influenced by inhomogenity of the 
internal electric field [2]. 
Following Eq. 1, the built-in electric field strength can be evaluated by fast Fourier transform (FFT) 
analysis of the FKOs in the energy region above the GaAs band gap [4]. Proceeding in this direction, the 
experimental PR spectrum has been renormalized substituting a new argument, 23)( gEE − , and 

multiplying the spectrum by )(2
gEEE −  in order to deal with periodic functions and compensate for the 

damping of the FKOs, respectively. Then, according to Eq. (1), the peak quasi-frequency ƒ of the band in 
the spectrum, evaluated from the Fourier transform of the FKO, is related to the electric field by 

( )
Fe

f
h

h
1

3
4

3
2 23 ⋅

π
=

π
=

μ
θ .     (2) 

The FFTs of the PR spectra of several of the GaAs/AlAs MQW structures are plotted in Fig. 9. For 
sample 1795, the two peaks of the FFT correspond to the heavy (hh) and light (lh) hole subband 
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Fig. 10. Plots of the quantity (4/3π)(En-Eg)3/2 versus 
index n of the FKOs for the Be- (1795) and Si- (L79) 
doped GaAs/AlAs MQWs. 
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contributions to the PR spectra. The ratio of frequencies ƒhh/ƒlh = 1.29 is consistent with the ratio of (μ hh 

/μ lh)0.5. For other samples, only a single peak is seen in the transformed spectra arising from the more 
intense heavy hole-related band gap transition. These peaks are very broad due to the small number of 
FKOs in the PR spectra, and the signature of the light hole contribution is not resolved. The calculated 
surface electric fields using Eq. (2) are also presented in Fig. 9. The electric field values obtained in the 
cap layer of the MQW structures are about 20 kV/cm and are consistent with the calculated surface field 
value for an acceptor concentration of 2×1017 cm-3. 
For comparison, we have also estimated the internal electric field F for Be- (1795) and Si- (L79) doped 
GaAs/AlAs MQW samples of different doping. This data was extracted using the relationship between 
the energy position En of FKO extrema and the extremum index n and plotting the dependence of the 
quantity (4/3π)(En-Eg)3/2 as a function of the index n (Fig. 10). From the slope of the straight lines the 
electric fields F were calculated according to Eq. 1. One can see from Fig. 10 that the surface electric 
field in n-type structures is much larger in comparison to p-type MQWs. This could be related to a larger 
surface potential value in the n-type samples. 
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Terahertz photocurrent spectroscopy of beryllium δ-doped GaAs/AlAs 
quantum wells 

 
To test their operation within the THz range, we have measured the THz radiation-induced photocurrent 
in the in-plane geometry of the samples at helium temperatures. The results are depicted in Fig. 11. The 
origin of the signal we associate mainly with photothermal ionization of Be acceptors as the increase in 
photoresponse corresponds to the acceptor binding energy. Note that sample 1392 having two orders of 
magnitude higher doping, produced significantly higher signal because of an increase in THz absorption. 
The signal observed below 4 THz can be related to excited acceptor states 2P3/2 and 2P5/2 having 
transition energies several meV lower than the binding energy [1]. 
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