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Abstract. We demonstrate that excitons in semiconductor alloys are subject
to competing localization effects due to disorder (random potential fluctuations)
and shallow point defects (impurities). The relative importance of these effects
varies with alloy chemical composition, impurity activation energy as well as
temperature. We evaluate this effect quantitatively for MgxZn1−xO : Al (06
x 6 0.058) and find that exciton localization at low (2 K) and high (300 K)
temperatures is dominated by shallow donor impurities and alloy disorder,
respectively.
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1. Introduction

Semiconductor alloys are at the core of current semiconductor technology for electronic
and photonic applications. Over 50 different alloys have been investigated [1]. They offer
tunable structural, optical and electronic properties through mixing constituents in a defined
ratio. Besides, as bulk material they are mostly used as active and/or barrier materials in
heterostructures.

The random placing of metal atoms on the cation sublattice leads to potential fluctuations
and, subsequently, to the disorder-induced broadening of spectral lines (alloy broadening) as
discussed in [2, 3]. We note that ordered alloys have also been reported [4]. The spectral
broadening σ (half-width w = 2.36 σ ) of an alloy of the type AxB1−xC with disorder on the
cation lattice is given by σ = (∂ Eg/∂x) σx , with x being the mole fraction, Eg being the band
gap and σx = x (1 − x)/(cVexc), c being the cation concentration and Vexc = 10πaB being the
exciton volume [3]. Broadening in AlxGa1−xAs, a semiconductor alloy of large importance
in combination with GaAs due to small lattice mismatch, has been investigated [5] and
critically discussed [6]. Work on several group-II sulfide, telluride and selenide alloys has been
reviewed in [7], highlighting that larger broadening is due to anion disorder rather than cation
disorder. Here, we focus on cation disorder. For S-, Se- and Te-compounds, the inhomogeneous
broadening σ is fairly small, e.g. for Zn0.1Cd0.9S, Zn0.1Cd0.9Se and Zn0.1Cd0.9Te, less than
1 meV [7]. In recent years, investigations of wide-gap semiconductor alloys were reported,
e.g. on AlxGa1−xN [8, 9], Alx In1−xN [10, 11] and MgxZn1−xO [12, 13]. Here, inhomogeneous
broadening due to cation disorder is much larger, e.g. about 30 meV for Al0.2Ga0.8N [14],
130 meV for In0.2Al0.8N [15] and 17 meV for Mg0.2Zn0.8O [13].

Recombination of free excitons (FX) localized in the alloy (cation) disorder potential has
been claimed, e.g. for ZnxCd1−xS [16]. The exciton relaxation kinetics in the presence of
potential fluctuations has been investigated for quantum wells (laterally varying confinement
effect) [17] and quantum dot ensembles (varying quantum dot size) [18]. In general, a red-
shift S = γ (T ) kBT of luminescence compared to absorption in such an inhomogeneously
broadened system is found [19]. The simplest model for the so-called Stokes shift S is based
on the Boltzmann population (temperature T ) of a density of states with Gaussian broadening
(standard deviation σ ), resulting in S0 = σ 2/kBT and thus γ0 = (σ/k T )2. The establishment
of a thermal exciton distribution is frustrated at low temperatures by trapping of excitons in
potential minima and recombination, both being temperature dependent as pointed out for
quantum wells [17] and dots [20]. Therefore, generally S 6 S0. Within an analytical model [21],
γ (06 γ 6 γ0) can be determined from γ exp γ = β(γ0 − γ )exp(−ε/kBT ), ε being the mean
barrier for exciton transport and β being the ratio of carrier recombination and carrier transport
time.

The photoluminescence (PL) peak energy due to FX is given as

EX(T ) = Eg(T ) − Eb
X − S(T ). (1)

With decreasing temperature, first EX exhibits a blue-shift due to the increase of band gap
Eg. Then thermalization in the disordered system leads to the red-shift S. Finally, due to
frustration of thermalization at low temperatures another blue-shift occurs, sometimes termed
the ‘anomalous’ Stokes shift. This S-shape dependence of PL peak energy versus temperature
is used as a fingerprint of frustrated exciton localization in quantum wells. Such S-shape of
EPL(T ) is also observed in semiconductor alloys and used to evaluate exciton localization
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Table 1. Exciton binding energy, impurity localization energy and full-
width at half-maximum (w = 2.36 σ , best known values) of low-temperature
recombination for various binary compound semiconductors and ternary alloys.

Eb
X Eloc w

Material (meV) (meV) (meV) Reference

p-GaAs 5 3 [48]
ZnTe : P 13 11 [38]
n-GaN 27 6–7 [30, 35]
ZnO : Al 59 15 [37]
Al0.24Ga0.76As : C 5.4 3.5 5.2 [5]
Al0.23Ga0.77N : Si ∼ 40 10 30 [24]
Mg0.11Zn0.89Te : P 11 [40]
Mg0.06Zn0.94O : Al 55 28 20 This work

due to (cation) disorder, e.g. for (Al,In)As [22], (Al,Ga)N [14], [23–25] (Mg,Zn,Cd)Se [26]
or (Mg,Zn)O [13, 27, 28]. We note that, generally, exciton localization, of course, plays a role
only for temperatures at which excitons are stable. For GaAs the exciton binding energy Eb

X of
about 4 meV [29] limits excitonic effects to low temperatures. Wide-gap semiconductors like
GaN (ZnO) with Eb

X of 27 meV [30] (59 meV [31]) exhibit excitonic recombination at or above
room temperature.

Another well-known localization mechanism of excitons in semiconductors is the binding
to neutral shallow point defects (impurities or structural defects), observable as additional
spectral lines [32]. These lines, (D0,X) and (A0,X), for excitons bound to neutral donors
and acceptors (BX), respectively, are quite sharp (� 1 meV) at liquid helium temperature in
binary semiconductors such as GaAs, GaN or ZnO. The recombination peak energy is given
by EBX = EX − Eloc. The energy Eloc to remove an exciton from a neutral impurity is related
to the impurity ionization energy, the binding energy Eb

D (Eb
A) for an electron (hole) on the

donor (the acceptor). Hayne’s rule Eloc/Eb
≈ 0.1 has been established for donors and acceptors

in silicon [33]. Modified rules have been reported for other semiconductors. An overview of
the exciton binding energy, impurity localization energy and full-width at half-maximum (w =

2.36 σ , best known values) of low-temperature recombination for various binary compound
semiconductors and ternary alloys is given in table 1. Typical values for Eloc are about 1 meV
for donors in GaAs [34], 6–7 meV for donors in GaN [35, 36] and 15 meV [37] for ZnO : Al.
In alloys with small broadening effects BX emission is routinely observed, e.g. for (Zn,Cd)S,
(Zn,Cd)Se and (Zn,Cd)Te within the entire composition range [7] and for MgxZn1−xTe up
to at least x = 0.2 [39, 40]. In alloys with large inhomogeneous broadening (and at finite
temperatures, additionally homogeneous broadening) such as (Al,Ga)N and (Mg,Zn)O, the BX
and FX recombination peaks cannot be spectrally separated and the recombination is attributed
in the literature to disorder localized excitons only as mentioned above. Only in [41] the low-
temperature recombination in Al0.5Ga0.5N : Si has been attributed to donor-bound excitons.

In this paper, we demonstrate that exciton localization in semiconductor alloys is generally
due to competing mechanisms of localization due to disorder and localization on shallow point
defects. Both effects must be considered to interpret and evaluate the temperature dependence
of exciton localization. Since shallow defects are ubiquitous also in other alloys, our results are
of general importance.
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Figure 1. PL spectra (scaled to the same maximum) at T = 2 K of MgxZn1−xO
thin films with different Mg contents x as labeled. The maxima M1 and M2 are
indicated for the spectrum of the sample with x = 0.005.

We use MgxZn1−xO (x < 0.1) as a model system. MgxZn1−xO provides the possibility to
tune the band gap from 3.4 to 4.5 eV [42] by the incorporation of Mg atoms into the cation
lattice sites [43]. The alloy has wurtzite structure up to Mg-content x ≈ 0.36 [44]. MgxZn1−xO
possesses an exciton binding energy far above the thermal energy at room temperature, at least
50 meV for x = 0.17 [12]. Therefore, excitonic recombination dominates the PL spectra beyond
room temperature.

2. Experimental details

The investigated MgxZn1−xO thin films were grown by pulsed-laser deposition (PLD) in an
oxygen atmosphere (p(O2) = 0.016 mbar) at about 700 ◦C on (112̄0)-oriented sapphire with
an Mg0.4Zn0.6O buffer layer. The incorporation of Mg into the thin films was varied via the
composition of the ablation target made from a mixture of ZnO and MgO powders. A ZnO
control sample was grown from a pure ZnO target. PL measurements were performed in an
He bath cryostat at 2 K and in a temperature-variable He flow cryostat for measurements
between 5 and 290 K. The luminescence was excited with the 325 nm line of a continuous
wave HeCd laser, spectrally decomposed by a 320 mm focal length monochromator with a
2400 lines mm−1 grating and detected with a Peltier-cooled GaAs photomultiplier. The minimal
spectral bandwidth is 0.06 nm. The Mg-content of the thin films was determined performing
energy dispersive x-ray analysis with an electron beam acceleration voltage of 3 kV, not
penetrating the buffer layer.

3. Results and discussion

PL spectra at T = 2 K of MgxZn1−xO samples with Mg content ranging from x = 0.005 to
0.058 are depicted in figure 1(a). The PL maxima shift toward higher energies with increasing
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Figure 2. Temperature-dependent PL spectra between 5 and 290 K of an
Mg0.005Zn0.995O thin film. The spectra are shifted vertically for clarity. The
position of the maxima M1 and M2 at low temperature is indicated by dashed
lines.

Mg content due to a change of the alloy band gap. A linear fit of the experimental data for
18 samples2 with 06 x 6 0.09 yields ∂ EPL/∂x = 2.0 eV at T = 2 K. For x = 0 the dominant
PL line has an energy of 3.3601 eV at T = 2 K. This value is attributed to the transition of
neutral Al-donor BX (the I6a line) [45]. For T = 300 K the recombination peak is at 3.309 eV
and resembles the energy for the transition of FX (the XA line) in undoped ZnO [12].

The PL spectra of the (Mg,Zn)O thin films at 2 K show different peaks. The two dominating
maxima are labeled M1 and M2 (figure 1(a)). The peak M1 can be observed for all investigated
samples at low temperatures. It is due to the recombination of excitons bound to neutral Al-
donors (AlZn). FX (maximum M2) dominate the PL spectra above 100 K up to room temperature.
Such behavior is similar in pure ZnO. The peak separation of M1 and M2 is Eloc = 15 meV for
x = 0.005, the same value as for (Al0,X) in pure ZnO [37]. From Hall-effect studies on our PLD
ZnO on Al2O3, we find a moderate Al concentration of typically several 1016 cm−3, stemming
from the substrate [46]. We assume a similar concentration in our (Mg,Zn)O samples; however,
Hall measurements cannot be performed due to larger compensation. We note that our PLD
process on ZnO substrate yields only [Al] = 3 × 1013 cm−3 [47]. In figure 2 the temperature-
dependent PL spectra of the MgxZn1−xO thin film with x = 0.005 are shown. The temperature
was varied between 5 and 290 K. The maximum M1 decreases in intensity with increasing
temperature owing to the finite localization energy of BX. The activation energy for the intensity
decrease [48] is found to be about ET = 16 meV, similar to Eloc. We note that the peak M1

has obviously an asymmetric lineshape for a Mg content x = 0.005 with a shoulder at its

2 For some of the samples, the Mg content has been varied via the oxygen partial pressure during growth.
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Figure 3. PL peak energy versus temperature for MgxZn1−xO thin films with
x = 0.005, 0.031 and 0.058. The shaded area indicates the region for exciton
delocalization. The solid lines indicate the temperature-dependent band-gap shift
of ZnO. The dashed line for x = 0.031 indicates S = S0. For x = 0.058, the
dashed lines indicate the shift for free and bound excitons and the thick solid
line, EPL(T ), is from lineshape theory.

high-energy side. This is caused by another excitonic recombination process. The recombination
of Zni donor bound excitons (the I3a line) [49] is typical for PLD grown ZnO thin films [46].

We emphasize that due to sizable alloy broadening the recombination of BX and FX cannot
be spectrally resolved in MgxZn1−xO for x > 0.04. This is also the typical situation for other
semiconductor alloys when only one (broad) PL peak is observed for all temperatures.

For MgxZn1−xO thin films with x = 0.005 (σ = 2.6 meV) and 0.031 (σ = 5.1 meV), the
energetic positions of the maxima M1 and M2 are resolved and depicted in figure 3. For
x = 0.005, both peaks follow the temperature-dependent shift of the band gap of ZnO (solid
lines) without significant localization effects. For x = 0.031, the spectral position of maximum
M1 (BX) undergoes a slight S-shape behavior with increasing temperature, indicating a small
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Figure 4. Integrated PL intensity of maxima M1 and M2 versus inverse
temperature for MgxZn1−xO thin films with (a) x = 0.005 and (b) x = 0.031 as
labeled. The solid lines depict fits for M1 with equation (2). Fit parameters are
given in table 1.

redistribution within the BX population. The FX recombination (M2) follows the ZnO band-
gap shift (solid line). The thermalization effect is much smaller than S0 (dashed line). The
extrapolated value for low temperatures indicates Eloc = 21 meV, in agreement with the thermal
activation temperature of BX luminescence.

For x = 0.058, alloy broadening is so strong (σ = 8.5 meV) that the maxima M1

and M2 cannot be resolved individually. The spectral position of the PL maximum as a
function of temperature is shown in figure 3. The PL maximum position undergoes a strong
S-shape with increasing temperature. The peak character apparently changes from (D0,X) to XA

with increasing temperature. Therefore we observe in this alloy at low temperature exciton
localization on donors and not due to alloy disorder. A qualitatively similar shift is found
for x = 0.09 in [28]. Attribution of the shift to alloy disorder only and evaluation with
equation (1) [13, 24, 25, 27, 28] misses the true nature of the exciton localization mechanism.

Extrapolating EX below 200 K with the ZnO band-gap shift yields Eloc ≈ 28 meV for
x = 0.058. Again, the decrease of intensity is found experimentally to have the same activation
energy ET. A lineshape model considering the ionization of BX can explain the EPL(T )

dependence quite well (thick solid line); details will be published elsewhere. Our main
conclusion is that the blue-shift in the temperature range 50–120 K is due to exciton ionization
from impurities and not due to ‘unfreezing’ of excitons localized in the disorder potential.

As shown in figure 4, the temperature dependence of the PL intensity of the maxima M1

and M2 behaves similar for x = 0.005 and 0.031. The decrease in intensity with increasing
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Table 2. Mg concentration x , fitted thermal activation energy ET, localization
energy Eloc and PL linewidth σ (T = 2 K) for various MgxZn1−xO samples.

x ET (meV) Eloc (meV) σ (meV)

0.000 16.3 – –
0.005 16.5 15 2.6
0.008 17.9 16 3.0
0.014 18.8 18 3.8
0.031 22.0 21 5.1
0.058 27.0 (est.) 28 8.5

temperature of peak M1 can be explained by the ionization of donor-bound excitons into neutral
donors and FX. The temperature dependence of the integrated intensity of M1 can be fitted using
the formula [48] (solid line in figure 3)

I (T ) =
I0

A exp (−ET/kBT ) + 1
, (2)

with I0 being the intensity at T = 0 K, A being a dimensionless prefactor and ET being the
thermal activation energy of the participating (D0,X) complexes. The fitted activation energies
ET as well as the determined localization energies Eloc are listed in table 2 for the MgxZn1−xO
thin films of figure 1. At about 100 K both peaks have a similar weight, determining the
transition temperature from dominating bound to dominating FX recombination. Table 2 shows
an increase of Eloc and ET with increasing Mg content, implying an increase of the binding
energy of the donor involved. This phenomenon amplifies the observed S-shape for samples
with Mg contents above x = 0.058, because the change of the dominant transition spans over a
larger energy range for larger Mg contents.

We note that these mechanisms should be also present in doped ternary alloys. Dopants
themselves can cause a shift of band gap with associated fluctuations and broadening, if present
in sufficient concentration [50, 51]. However, in our nominally undoped samples, impurity
concentrations are so small that such effects are not present.

4. Conclusion

From our analysis, we draw conclusions for two types of exciton localization in alloys:
localization on shallow point defects at low temperatures (compared to Eloc/kB) and localization
in alloy disorder potential. The latter is observable at low temperatures for small broadening
(w < Eloc), e.g. in (Zn,Cd)Se, and generally for T > Eloc/kB. Both channels cannot be
separately observed for large broadening w > Eloc and a complex dependence EPL(T ) develops.
Three regimes exist: the ‘S-shape’ is due to FX localization in disorder potential for Eloc � S
(regime I) or due to impurity-bound exciton ionization for Eloc � S (regime III). For Eloc ∼ S
(intermediate regime II), as in this work, a more detailed analysis is necessary. We have
compiled material parameters for a few alloys with large broadening in table 1, showing that
e.g. (Al,Ga)As, (Al,Ga)N, (Mg,Zn)Te and (Mg,Zn)O belong to regime II.
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