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This paper presents the photoluminescence spectra and light emission lifetimes in GaAs/Al0.3Ga0.7As 
structures designed for microwave and terahertz detectors. The photoluminescence and light emission 
lifetimes were investigated both before and after etching of the cap-layers, and possible mechanisms of 
carrier recombination are discussed. The characteristic time of the free exciton emission corresponds 
to 0.5 ns at a temperature of 3.6 K. The recombination lifetime of the free electron acceptor was meas-
ured to be 22–25 ns in GaAs structures and 4–15 ns in AlGaAs structures. The emission lifetime of 
deep Si level having 170 meV activation energy in AlGaAs layer was found to be equal to 40 ns. The 
excitonic photoluminescence maxima of n+/n-GaAs and n+/n-Al0.3Ga0.7As homojunction structures in 
comparison to n-GaAs and n-Al0.3Ga0.7As were shifted by approximately 200 ps. This suggested that the 
drift of free carriers is important in the formation of free excitons in n-GaAs and n-Al0.3Ga0.7As layers.

Keywords: GaAs, AlGaAs, homojunction, photoluminescence, lifetime, exciton, photoluminescence 
enhancement
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1. Introduction

The focus on radiation technology has in the recent 
years shifted from frequencies in the infrared region 
to the terahertz region. This spectral range has an 
enormous potential for applications such as biology, 
medicine, security, and wireless communications [1, 
2]. However, the main challenge of utilizing the fre-
quencies in this field is the lack of suitable and reliable 
terahertz sources and detectors. Hence, the current 
research in the field of communication technology 
aims to increase the operational bandwidth of its 
emitters and detectors. Though the greatest achieve-
ments have been reported in the visible, near-infra-
red, and microwave (MW) bands, the performance 

of existing device technology in the high-frequency 
MW region as well as in the terahertz (THz) range is 
still considered being modest. Therefore, a new gen-
eration of emitters [3, 4] and detectors [5, 6] based 
on n+/n, n+/i and p+/i homojunctions or GaAs/Al-
GaAs heterostructures [7] has been proposed for 
operation in the MW and THz ranges. However, 
the characterization of these devices has not been 
fully investigated so far.

We have developed a novel device model based 
on GaAs and AlGaAs structures for the detection 
of radiation in the broad band region from MW 
to THz [8]. This paper presents a continuous wave 
photoluminescence (PL) and time-resolved photo-
luminescence characterization of these structures. 
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The possible mechanisms of carrier recombination 
are discussed and an emphasis is placed on the en-
hancement of the photoluminescence and the re-
duction of the excitonic emission lifetime observed 
in these structures.

2. Samples and experimental protocol

The structures were grown by molecular beam 
epitaxy (MBE) [9, 10] on a semi-insulating GaAs 
substrate. The active region consisted of two homo-
junctions: Si-doped n+/n (or n/n+) AlxGa1-xAs and 
n+/n (or n/n+) GaAs. The layered composition of 
the GaAs/AlxGa1-xAs structure is shown in Table 1. 
The samples #1 and #6 were grown with aluminum 
mole fraction x = 0.3 in the active region based on 
two different designs.

The time-integrated PL was measured by a fully 
automated monochromator FHR-1000 with the fo-
cal length of 1000 mm. The spectra were dispersed 
with blazed 1200 gr/mm grating, and the spectral 
dispersion was 0.8 nm/mm. The wavelength spec-
tral resolution was 0.01  nm at a 10  µm exit slit 
width, or a correspondent energy spectral reso-
lution was 0.02 meV at 820 nm and 0.03 meV at 
645 nm. An Ar-ion laser was used as an excitation 
source. The excitation energy was in the region of 
2.2–2.7 eV and the PL was detected by a thermo-
electrically cooled GaAs photomultiplier operating 
in the photon counting regime.

The time-resolved PL measurements were car-
ried out using a frequency-doubled diode-pumped 
Nd:LSB microchip solid-state laser with a 400  ps 
FWHM pulse width. The pulse repetition rate was 
10  kHz with an average output power of 40  mW. 
The excitation wavelength was 531  nm (photon 
energy 2.3 eV). The PL was detected with a ther-

moelectrically cooled high efficiency extended-red 
multi-alkali cathode photomultiplier with an inter-
nal GHz preamplifier. The transient photolumines-
cence were measured using a time correlated single 
photon counting (TCSPC) system [11]. In order to 
avoid jitter, the measured signal was synchronized 
with a part of splitted exciting laser pulse.

The excitation intensity was changed by using 
neutral glass filters. The 1 W @4.2 K model SHI-4 
closed cycle helium optical cryostat enabled to con-
trol the sample temperatures from ambient room 
temperature (300  K) down to 3.6  K. The cryostat 
was equipped with two thermometers: the first one 
was used to control operation of the equipment and 
the second measured temperature of the sample.

Chemical etching of the top layers was per-
formed using a H3PO4:H2O2:H2O = 1:1:50 solution. 
The degree of etching was controlled with a pro-
filometer by leaving part of the sample unetched.

3. Experimental results

The PL spectra of GaAs/Al0.3Ga0.7As structures at a 
temperature of 3.6 K using a laser excitation inten-
sity of I = 1.36 W/cm2 are presented in Fig. 1. One 
can resolve two parts of the spectra indicated by 
segments. The first one, below 1.57 eV, is attributed 
to GaAs layers. The emission below the forbidden 
energy gap, Eg(GaAs) = 1.519 eV, is related to the 
lightly doped GaAs layer. Lower energy transition 
at 1.49 eV, labelled e-A, is a recombination of a free 
electron with the residual acceptor. The transition 
at 1.515 eV is a well-known free exciton line [12] 
(marked as X in Fig. 1). The broad band from 1.5 to 
1.57  eV is attributed to emission from the heav-
ily doped GaAs layer (n+-GaAs). This broad band 
nearly disappeared from the spectra when the 

Table 1. The structure of the GaAs/Al0.3Ga0.7As samples. ND is donor concentration, h – layer thickness, N – quantum 
wells number.

#1 #6
n+-GaAs, ND = 3 × 1018 cm–3, h = 100 nm n+-GaAs, ND = 2 × 1018 cm–3, h = 250 nmn+-Al0.3Ga0.7As, ND = 3 × 1018 cm–3, h = 100 nm

n-Al0.3Ga0.7As, ND = 1016 cm–3, h = 300 nm n-GaAs, ND = 1016 cm–3, h = 300 nm
n-GaAs, ND = 1016 cm–3, h = 300 nm n-Al0.3Ga0.7As, ND = 1016 cm–3, h = 300 nm

n+-GaAs, ND = 3 × 1018 cm–3, h = 300 nm n+-Al0.3Ga0.7As, ND = 6 × 1018 cm–3, h = 300 nm
i-Al0.25Ga0.75As, h = 10 nm, N = 20 i-Al0.25Ga0.75As, h = 10 nm, N = 20

i-GaAs, h = 10 nm, N = 20 i-GaAs, h = 10 nm, N = 20
i-GaAs, h = 200 nm i-GaAs, h = 200 nm
SI GaAs substrate SI GaAs substrate
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top n+-GaAs layer was etched off. The radiation 
from multiple quantum wells (QWs) in the buff-
er layer at 1.547 eV is not clearly distinguished in 
Fig. 1. Clear excitonic lines of radiation from QWs 
were only observed after the partial or full etching 
of the top layers had been performed.

The second part of the PL spectra is associated 
with the Al0.3Ga0.7As layers. This part of the spec-
trum can be interpreted as a superposition of two 
separate spectra arising from both the n+-type and 
n-type AlxGa1-xAs layers. As Fig. 1 shows, this part 
of the spectrum consists of five broad peaks.

In order to measure the PL spectra lines from 
the Al0.3Ga0.7As layers in sample #6, the n+ and n 
GaAs cap-layers had to be removed. The spectrum 
is shown as a dotted line in Fig. 1. The high-energy 
broad peak n+ is related to the radiation from n+-Alx-
Ga1-xAs. We have measured the PL intensity of the X 
peak to be around 1.926 eV at 3.6 K. This PL inten-
sity increases with temperature and has been identi-
fied as the excitonic line. Two other peaks, labelled 
as e-A1 and e-A2, found around 1.903 and 1.870 eV 

at a temperature of 3.6 K, have been found to satu-
rate and disappear above 40 and 60 K, respectively. 
Consequently, they should be related to two differ-
ent shallow impurities. The nature of the lowest en-
ergy broad peak d dominating at the liquid nitrogen 
temperature (77 K) can be also related to defects.

In a previous paper [13], the enhancement 
of PL emission intensity in n+/n-GaAs and 
n+/n-Al0.3Ga0.7As homojunctions of one of these 
structures (sample #1) has been reported. Be-
low we present PL decay transients in n+/n-GaAs, 
n-GaAs, n+/n-Al0.3Ga0.7As, and n-Al0.3Ga0.7As parts 
of that structure. Figure 2 shows the PL time evo-
lution of different emission bands in layers of 
(a) n+/n-GaAs and (b) n-GaAs in sample #6 after 
conducting a pulsed laser excitation at a tempera-
ture of T = 3.6 K. The curves were fitted by incorpo-
rating one or two exponential decay constants, and 
the characteristic decay times were extracted. Short 
lifetimes were extracted after application of decon-
volution algorithm for signal processing [14, 15]. 
As a result, the free excitonic emission decay time 
of the n-GaAs layer is equal to τX(n-GaAs) = 0.4 ns 
and that of the n+/n-GaAs structure is slightly long-
er and equal to τX(n+/n-GaAs) = 0.6 ns at 3.6 K. The 
free electron-acceptor decay consists of two parts. 

Fig. 1. The PL spectra of GaAs/Al0.3Ga0.7As structures at 
a temperature of 3.6 K and laser intensity of I = 1.36 W/
cm2 for two samples (#1 and #6) of different design. The 
symbol X indicates excitonic emission, e-A, e-A1, e-A2 
are radiative emissions related to acceptor impurities, 
and d is emission related with defects in the Al0.3Ga0.7As 
region. The symbol n+ denotes emission from the heav-
ily doped GaAs or Al0.3Ga0.7As layer. The dashed line 
shows the photoluminescence spectrum for sample #6 
after etching of n+ and n GaAs cap-layers. The symbol 
QWs denotes emission from multiple quantum wells 
formed in the buffer layer. The spectra are shifted along 
the vertical axis for clarity.

Fig. 2. The PL decay transients of different emission 
lines of (a) n+/n-GaAs and (b) n-GaAs layers for sample 
#6 at T=3.6 K. The symbol X indicates free exciton tran-
sitions, and e-A denotes free electron-acceptor-related 
transitions. The lowest curve shows the laser excitation 
pulse. The decay time constants and line emission en-
ergies are marked at each trace. The curves are shifted 
vertically for clarity.
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The initial part is very fast and is related to the 
free carrier capturing in excitons and defects. The 
second part is related to the free electron recom-
bination via acceptor impurities. The characteristic 
emission time is equal to about τe-A = 22–25 ns.

Figure 3 shows the temperature dependence of 
PL decay transients of excitonic emission lines X of 
(a) n+/n-GaAs and (b) n-GaAs layers in sample #6. 
The excitonic emission in GaAs is considered up to 
a temperature of liquid nitrogen 77 K [16], and an 
increase in the excitonic lifetime from 0.4 to 0.6 ns 
for the n-GaAs layer and from 0.6 to 1.2 ns for the 
n+/n-GaAs structure in the temperature range from 
3.6 to 40 K, respectively, is observed (Fig. 3).

Figure 5 shows a more detailed time scale of the 
PL time evolution of the excitonic X and electron-
acceptor e-A1 emission bands of the n+/n-Al0.3Ga0.7A 
structure (sample #1) at T  =  3.6  K. At the energy 
of 1.78  eV, the broad emission band in a continu-
ous wave PL spectrum of the Al0.3Ga0.7As layer was 

Fig. 5. The PL decay transients of different emis-
sion bands of n+/n-Al0.3Ga0.7A layers for sample #1 at 
T = 3.6 K. The symbol d indicates defect-related transi-
tions, e-A1 denotes acceptor-related transitions, and X 
indicates free exciton transitions. The decay time con-
stants and emission energies are marked at each trace. 
The curves are shifted vertically for clarity.

Fig. 3. The temperature dependence of the PL decay 
transients of excitonic emission lines X of (a) n+/n-GaAs 
and (b) n-GaAs layers for sample #6. The lowest curve 
shows the laser excitation pulse. The curves are shifted 
vertically for clarity.

Figure 4 shows the PL time evolution of the dif-
ferent emission bands of (a) n+/n-Al0.3Ga0.7As and 
(b) n-Al0.3Ga0.7As layers in sample #1 after pulsed 
laser excitation at a temperature of T = 3.6 K. The 
free excitonic emission decay time for both the n-
Al0.3Ga0.7As and the n+/n-Al0.3Ga0.7As structures is 
similar and equal to 0.5 ns. The evolution time of 
the free electron-acceptor emission characteristic 
varies from 4 to 15 ns, and it depends on the origin 
of the acceptor and on the structure itself. Some of 
the free carriers can drift to the energetically lower 
regions of the structure (e. g. GaAs) which can in-
fluence the free carrier concentration in the ener-
getically higher region (Al0.3Ga0.7As).

Fig. 4. The PL decay transients of different emission 
bands of (a) n+/n-Al0.3Ga0.7As and (b) n-Al0.3Ga0.7As lay-
ers for sample #1 at T = 3.6 K. The symbol X indicates 
free exciton transitions, and e-A1 and e-A2 denote accep-
tor-related transitions. The lowest curve shows the laser 
excitation pulse. The decay time constants and emission 
energies are marked at each trace. The curves are shifted 
vertically for clarity.
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observed (see Fig.  1). This broad band emission 
was attributed to point defects or complexes of 
Si with point defects [13]. The measurement of 
the emission lifetime of the defect-related emis-
sion d, which is also presented in Fig. 5, confirms 
that this emission is related to a deep defect level. 
The decay emission curve is not purely exponen-
tional; however, the central part of the curve was 
approximated by an exponent. More details about 
estimation of local energetic levels can be found 
in Ref. [17]. The extracted characteristic emis-
sion lifetime is relatively long and equals about 40 
ns. This lifetime was the longest one found in the 
structures that were investigated.

Figure  6 shows the temperature dependence of 
(a) excitonic X and (b) free electron-acceptor e-A1 
PL decay transients in the n+/n-Al0.3Ga0.7As structure 
of sample #1. The excitonic decay lifetime is nearly 
independent of temperature, and the free electron-
acceptor decay lifetime is also found to be independ-
ent at temperatures up to 20 K. At higher tempera-
tures T ≥ 40 K, the free electron-acceptor decay time 
gets shorter since the thermal ionization of acceptors 
and other recombination channels (such as band–
band recombination) starts dominating.

4. Discussion

The radiative lifetime of free excitons in ultrapure 
GaAs is 3.3 ns at the threshold of very low tempera-

tures (1.7 K) [18]. The free exciton radiative charac-
teristic time constant in our investigated structures 
is about 0.5 ns. This behaviour implies the existence 
of other radiative and nonradiative recombination 
channels.

In a previous publication [13], the enhancement 
of the continuous wave PL emission intensity in 
n+/n-GaAs and n+/n-Al0.3Ga0.7As homojunction re-
gions of these structures was reported. A compari-
son of the emission from n-GaAs and n-AlxGa1-xAs 
layers with the emission from those being in con-
tact with heavily doped layers revealed that the 
emission lines from the homojunctions were more 
intensive. The experiment showed that the contact 
of n-GaAs with n+-GaAs and n-AlxGa1-xAs with 
n+-AlxGa1-xAs gives rise to the intensity of PL spec-
tra by about 10 and 20 times, respectively.

Similar effects were observed in Si-doped 
n+/n-GaAs homojunction structures [19], Si 
δ-doped GaAs structures [20], in selectively Si-
doped GaAs/AlGaAs heterostructures [21] as well 
as in AlInN/GaN heterostructures [22]. Theoreti-
cal calculations show that a strong electric field is 
induced in all of these structures at the interface 
side of the active layer. A good correlation was 
also shown between the calculated built-in elec-
tric field strength and the measured enhancement 
of the excitonic line intensity.

The incident laser beam generates electron–
hole pairs at a certain depth of light penetration, 
and the pho togenerated carriers can form exci-
tons in the n-GaAs (or n-AlGaAs) layer. These in 
turn may re com bine back by emitting photons. 
However, the presence of a strong built-in electric 
field prevents exciton formation in the close prox-
imity to the n+/n in ter face region where electric 
fields above 1 kV/cm destroy excitons by electron 
tunnelling. Consequently, holes are driven away 
from the interface, while the electrons drift to-
wards the interface in the flat band region of the 
n-GaAs (or n-AlGaAs) layer. In the flat band re-
gion the accumulation of free carriers is initiated 
and the number of excitons is increased. The en-
hancement of free carrier concentration change 
the emission rate and quantum yield. This may 
explain in part the observed enhancement of 
the excitonic line intensity in the n+/n-GaAs (or  
n+/n-Al0.3Ga0.7As) homojunctions. The concent-
ration change in free carriers leads to a redistri-
bution between the emission channels because 

Fig. 6. The temperature dependence of (a) excitonic X 
and (b) free electron-acceptor e-A1 PL decay transients 
in the n+/n-Al0.3Ga0.7As layer of sample #1. The lowest 
curve indicates the laser excitation pulse. The curves are 
shifted vertically for clarity.
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the excitonic emission intensity depends on the 
square law of the free carrier concentration. How-
ever, the impurity or defect-related recombination 
intensity has a linear dependence on the free car-
rier concentration [23].

Our experimental results shows that drift 
processes are important aspects to consider in 
the formation of excitons in n+/n-GaAs and 
n+/n-Al0.3Ga0.7As flat band regions. Figure  7 
shows a comparison of the excitonic X PL rise 
and decay transients in n-GaAs (dotted curve) 
and n+/n-GaAs layers (solid curve) of sample 
#6 (a), as well as n-Al0.3Ga0.7As (dotted curve) and 
n+/n-Al0.3Ga0.7As layers (solid curve) of sample #1 
(b). The PL maximum of both n+/n structures is 
shifted by about 200 ps. This fact indicates that an 
additional time (approximately a few hundred pi-
coseconds) is required to accumulate free carriers 

5. Conclusions

The PL spectra and light emission lifetimes in 
GaAs/Al0.3Ga0.7As structures designed for MW 
and THz detectors were investigated, and pos-
sible mechanisms of carrier recombination have 
been discussed. The measured free exciton emis-
sion characteristic time was found to be 0.5 ns at 
a temperature of 3.6 K. The free electron-acceptor 
recombination lifetime was 22–25 ns in the GaAs 
structures and 4–15  ns in the AlGaAs structures. 
The emission lifetime of deep Si level having a 
170 meV activation energy in the AlGaAs layer was 
found to be equal to 40 ns. The excitonic PL maxi-
mum of n+/n-GaAs and n+/n-Al0.3Ga0.7As homo-
junction structures offers delays of approximately 
200  ps compared to n-GaAs and n-Al0.3Ga0.7As 
structures. This indicates that the free carrier drift 
is an important factor in the formation of free exci-
tons in the n-GaAs and n-Al0.3Ga0.7As layers of the 
homojunction structures.
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Santrauka

Ištirta Si donorais legiruotų GaAs/Al0,3Ga0,7As 
darinių, skirtų mikrobangų ir terahercų detekto-
riams, fotoliuminescencija ir šviesos emisijos trukmė 
esant stipriai legiruotiems sluoksniams bei šiuos 
sluoksnius nuėsdinus. Tyrimams naudotos dvi meto-
dikos: nuosto viosios fotoliuminescencijos ir pavienių 
koreliuotų fotonų skaičiavimo metodika. Tyrimai at-
likti temperatūrose tarp 3,6 ir 77 K. Al0,3Ga0,7As spekt-
re nustatytos dviejų tipų priemaišinės linijos, susijusios 
su sekliosiomis anglies C ir silicio Si akceptorinėmis 
priemaišomis. Ištirta GaAs ir Al0,3Ga0,7As eksitoninių 
ir priemaišinių linijų emisijos trukmė. Nustatyta, kad 
eksitoninės emisijos trukmė lygi 0,5  ns esant 3,6  K 
temperatūrai. Laisvųjų elektronų rekombinacijos su 
akceptoriais emisijos trukmė GaAs sluoksniuose siekė 

22–25  ns, o Al0,3Ga0,7As sluoksniuose buvo 4–15  ns. 
Ištirtas gilus emisijos centras Al0,3Ga0,7As sluoks-
nyje: jo aktyvacijos energija lygi 170  meV, o emisi-
jos trukmė  –  40  ns. Šis centras susietas su taškinių 
defektų arba kompleksų tarp Si ir taškinių defektų 
susidarymu n+-Al0,3Ga0,7As sluoks niuose. Aptiktas 
GaAs ir Al0,3Ga0,7As spektrinių linijų intensyvumo 
sustiprėjimas. Šis sustiprėjimas siejamas su n+/n 
sandūrų įtaka šiuose dariniuose; tai patvirtina ir emisi-
jos vėlinimas apie 200  ps esant n+/n sandūroms, pa-
lyginti su emisija GaAs ar Al0,3Ga0,7As sluoksniuose. 
Taigi eksitonų formavimui n+/n dariniuose yra svar-
bus laisvųjų krūvininkų dreifas į silpnojo lauko sritį, 
kurioje jie padidina eksitonų tankį ir taip sustiprina 
eksitoninę spinduliuotę.


