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Transition of Radiative Recombination Channel from
Delocalized States to Localized States in GalnP Alloy with
Partial Atomic Ordering: A Direct Optical Signature of Mott
Transition?

Z. C. Su,*** J. Q. Ning,*>*¢ Z. Deng,*™* X. H. Wang,**° S. J. Xu,*** R. X. Wang,* S. L. Lu, J.
R. Dongd and H. Yangcl

Anderson localization is a predominant phenomenon in condensed matter and materials physics.
In fact, localized and delocalized states often co-exist in one material. They are separated by a
boundary called the mobility edge. Mott transition may take place between these two regimes.
However, it is widely recognized that an apparent demonstration of Anderson localization or
Mott transition is a challenging task. In this article, we presents a direct optical observation of
transition of radiative recombination dominant channel from delocalized (i.e., local extended)
states to Anderson localized states in the GalnP base layer of a GalnP/GaAs single junction solar
cell by the means of variable-temperature electroluminescence (EL) technique. It is found that by
increasing temperature, we can boost a remarkable transition of radiative recombination
dominant channel from the delocalized states to the localized states. The delocalized states are
induced by the local atomic ordering domains (InP/GaP monolayer superlattices) while the
localized states are caused by random distribution of indium (gallium) content. Efficient transfer
and thermal redistribution of carriers between the two kinds of electronic states were revealed to
result in distinct EL mechanism transition and electrical resistance evolution with temperature.
Our study gives rise to a self-consistent precise picture for carrier localization and transfer in
GalnP alloy that is an extremely technologically important energy material for fabricating high-
efficiency photovoltaic devices.
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Introduction

Nowadays, it is widely known that Anderson localization may take place in any practical
crystalline solids with disorders and imperfections. Since Anderson’s seminal theoretical paper
in 1958, actually, carrier localization has been a hot topic until present day.”'> However, it has
been also known and widely recognized that it is not easy and even difficult to experimentally
demonstrate Anderson localization in practical physical systems.*'> So far, apparent
demonstration examples of Anderson localization could be the localization of electromagnetic
waves (light) and matter waves of cold atoms.* ' " 15 On the other hand, localized states and
delocalized (extended) states may simultaneously appear in one material. As a result, a so-called
mobility edge may exist between them, and Mott transition may take place between the two
regimes.'® In terms of scientific significance of Anderson localization and Mott transition,
seeking for experimental demonstration of Anderson localization in electronic systems is still an
interesting enough issue. Partially disordered isovalent ternary semiconductors AsB;xC such as
InyGa; xN and GayIn; <P may offer us a good chance to test Anderson’s idea.!”™™ In particular,
GaxIn; 4P (denoted as GalnP hereafter) alloy could be an excellent sample system for
investigating Anderson localization of electronic states, because its ordering (disordering) degree
can be controlled to some extent.'”* In partially ordered (disordered) GalnP alloy, local atomic
ordering domians of InP/GaP monolayer superlattices are within disordered lattice matrix where
Ga and In atoms are randomly distributed. Delocalized states may form within the local atomic
ordering domains, whereas localized states may be caused by the random disorders of In and Ga
atoms. If radiative recombination occurs from the delocalzied states and localized states
simultaneously and respectively, we may obtain a treasure opportunity to optically “view” and
examine the delocalized states and localized states in a solid material. Furthermore, optical
signature of Mott transition between the two regimes may be observed in GalnP alloy.

On the other hand, GalnP alloy is a technologically important energy material for fabricating
high-efficiency solar cells and efficient visible light emitting diodes (LEDs) for solid-state
lighting.”* #* Therefore, understanding carrier behaviors and optical properties of GalnP is vital
for improving the performance of GalnP-based solar cells and LEDs. It has been confirmed by
Smith et al. using spatially resolved photoluminescence (PL) measurements that GalnP contains
a statistical distribution of domains with different degrees of spontaneous ordering.”® Our recent
study on polarized PL spectra in GalnP alloy has revealed that the emission spectrum contains
both completely polarized and non-polarized components, originating from the radiative
recombination of carriers in ordered domains and disordered regions, respectively.'” Moreover,
the effect of carrier localization in the GalnP base layer on the performance of GalnP/GaAs
double-junction solar cells has been discussed.”’” However, to the best of our knowledge, very
few studies have been devoted to the experimental demonstration of carrier transition from
delocalized states to localized states in a solid material. In this article, we report a clear optical
demonstration of carrier transition from delocalized states to Anderson-type localized states in
partially ordered GalnP alloy utilizing temperature-dependent electroluminescence (EL)
2
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measurements. Such a firm demonstration originates from the observation of transition of main
luminescence channel from the two kinds of electronic states in the GalnP base layer of a
GalnP/GaAs single junction solar cell structure under a constant electrical injection. Significant
thermally redistribution of carriers between the two kinds of electronic states results in the
transition of luminescence mechanism. On the basis of localized-state ensemble (LSE)
luminescence model, an effective thermal activation barrier was deduced to characterize the
boundary separating the two groups of states. The electrical resistance of the cell was also found
to show distinct temperature dependence predicted by theory of Anderson localization.

Finger Electrode

Rear Electrode

Fig. 1. Schematic diagram of the structural details of the studied GalnP/GaAs solar cell.

Experimental details

The GalnP/GaAs solar cell examined in this study was grown by the technique of low pressure
metal-organic chemical vapor deposition. The detailed constitution of the grown solar cell is
schematically shown in Fig. 1. The GalnP base layer is 756 nm thick while the emitter layer is 70
nm. In our previous work, we have already shown that the red color luminescence stems from the
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GalnP base layer.”® In the EL measurement, the solar cell sample was mounted on the cold finger
of a Janis closed cycle cryostat with temperature controllable from 8 to 300 K, and biased with
an Aim-TTi TSX3510P DC power supply. The EL luminescence was dispersed by an Acton SP
3001 monochromator and finally detected with a Hamamatsu R928 photomultiplier tube. A
Stanford Research lock-in amplifier (SR830) was used with a chopper to achieve high signal-to-
noise ratio.
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Fig. 2. Measured EL spectra of the sample at different temperatures and under the constant
electrical injection current of 15 mA. For clarity, the spectra were shifted vertically.

Results and discussion

The EL experiments were performed on the GalnP/GaAs solar cell at different temperatures and
under a constant injection current of 15 mA. Figure 2 shows the EL spectra measured from the
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sample at different temperatures. As shown in this figure, only one broad peak (marked as Peak 1)
centering at 641 nm is observed when the temperature is below 20 K. As the temperature goes
higher than 20 K, another peak located at the high-energy side, denoted as Peak 2, gets
observable. Peak 2 is centered at 630 nm at 30 K, and its peak position shows a gradual red shift
with increasing the temperature. Peak 1 is dominant in the EL spectra in the temperature range
from 10 K to 50 K, but its intensity decreases quickly and quenches at about 80 K. On the other
hand, Peak 2 becomes dominant at higher temperatures. Besides the change in the intensity of
the two emission peaks, their line shapes also show interesting changes as the temperature
increases. For example, Peak 1 exhibits an asymmetric line shape with long low-energy tail at
low temperatures, showing the typical feature of localized state luminescence. In contrast, Peak 2
displays an asymmetric line shape with long high-energy tail at high temperatures while it shows
symmetric line shape at temperatures < 60 K. In order to further inspect the spectral behaviors of
the two emission peaks, their peak positions (solid symbols) versus temperature are plotted in
Fig. 3. As seen from the data in Fig. 3, the temperature evolution of the peak position of Peak 2
follows the red shift tendency (solid curve) described by the Varshni’s empirical formula,
whereas that of peak 1 shows a V-shaped evolution, red shifted first and then blue shifted. These
large differences in spectral features suggest that the two emission peaks may originate from
very different electronic states: two kinds of electronic states with dissimilar properties. It is
known that spontaneous partial ordering in GalnP alloy can result in local atomic ordering
domains embedded inside the remaining disordered region. These local ordering domains
consisting of alternative InP/GaP monolayer superlattice-like structures may have varying
degrees of ordering,”® leading to local extended states (delocalized states) with a broad energy
distribution. It should be noted that such local extended states still have lower potential energy
minima compared with the band gap of the disordered region. On the other hand, another kind of
electronic states may form in the remaining disordered region where Ga and In atoms randomly
fluctuate. In terms of Anderson localization concept,' the second kind of electronic states formed
in the disordered region shall be localized states. Thanks to the direct band gap nature of GalnP
alloy, radiative recombination of carriers occupying the two kinds of electronic states may
produce the two separate emission bands with very dissimilar properties including different peak
energy (central wavelength), lineshape, and even polarization.18 Indeed, as mentioned in the
introduction section, we have measured the polarization of the photoluminescence signal from an
unbiased GalnP epilayer with partial atomic ordering grown on GaAs, and unambiguously
demonstrate that the emission spectrum contains both completely polarized and non-polarized
components, originating from the radiative recombination of electron-hole pairs quantum-
mechanically confined in the superlatice-like ordered domains and remaining disordered regions,
respectively.'”” Moreover, these two emission components show very dissimilar temperature
dependence in addition to their different peak positions and even different lineshape.' In the
present work we will address the electroluminescence signal transition from the superlattice-like
delocalized states to the Anderson-type localized states in the GalnP-based single solar cell.
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Fig. 3. Temperature dependence (symbols) of the peak positions of the two EL emissions
depicted in Fig. 2. The solid lines are the theoretical fitting curves. For Peak 1, its peak position
is fitted with the LSE model while that of Peak 2 is fitted with the Varshni’s empirical formula.

In order to quantitatively interpret the commonly observed anomalous temperature dependence
of luminescence of localized carriers, a generalized model, namely localized-state-ensemble
(LSE) luminescence model was developed by us.*”*° According to this model, luminescence
spectrum  of localized carriers with a Gaussian-type density of states (DOS) reads™

1

o EE) kT

1 p(E)- f(E,T) = pe E57 .

(1)

2
+7, /7,

~(E-E)'20" pepresents a Gaussian-type DOS due to the distribution of the

where p(E) = p,e
localized states in energy space, E, is the central energetic location of Gaussian-type DOS, E, is
a characteristic energy level, k,7T is Boltzmann thermal energy, and 7, (7, ) represents the time

constant of carrier escaping (radiative recombination) from the localized states. By seeking for
the maximum value of the expression in the right hand side of Eq. (1) with respect to temperature,
we obtain a modification term to the Varshni’s empirical formula for luminescence peak position.
Finally the luminescence peak position of localized carriers can be formulated as'® %

6
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E(T)=| E, - al” | (2)
 0+T e
where 6 is Debye temperature and « is the Varshni parameter, and x is a dimensionless
parameter which can be yielded by numerically solving the following equation'™®*
2
xe* = o x 7 e(EO—E“)/kBT. (3)
k,T z,

V-shaped temperature dependence of peak position of Peak 1 was fitted with the LSE model
briefly described above, and the fitting curve was depicted in Fig. 3. For the best fitting, various
parameters with values of E,=1.935eV , @ =6.989x10"meV/K , 6 =450K , E, =1.956¢V ,

t,/7,=3.684x107 and o =26.0 meV were adopted. Temperature dependence of peak position

of Peak 2 was found to follow the tendency described by the Varshni’s formula. As depicted by
solid line in Fig. 3, the best fitting was yielded with the Varshni’s formula for £, =1.971 eV and

a =0.659 meV/K . This may be ascribed to the negligible thermal redistribution of carriers within
this group of localized states with large density of states.
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Fig. 4. Intensities (solid symbols, depicted in semi-logarithmic scale) of Peak 1 and Peak 2
versus temperature. The solid line is the least-square linear fitting to the logarithmic intensity of
Peak 1.
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Fig. 5. Temperature evolution of ratio of integrated intensity of two peaks from EL spectra. The
inset is schematic energy band diagram.

Obviously, carrier transfer from the delocalized states to the localized states is a temperature-
dependent dynamic process. Such carrier transfer shall result in fast attenuation of Peak 1
intensity and increase of Peak 2 intensity at least within a certain temperature range. As seen in
Fig. 4, indeed, the Peak 1 intensity (solid squares) exhibits a fast exponential decay while the
Peak 2 intensity (solid circles) increases first, reaches its maximum at 60 K, and then experiences
a slower exponential decay, as the temperature increases. Assuming that thermal transfer of
carriers between the two groups of electronic states is a major physical mechanism, temperature
dependence of the integrated intensity ratio of the two emission bands can be derived from the
rate equations as’'

UO
(Ry+RT™ +U,e ™" ) ’

Rl
Lo 4
LR 4)

8
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where 1,(1,) , R(R,) , R ,(R,,) are the integrated intensity, radiative recombination rate and
nonradiative recombination rate of Peak 1(Peak 2), respectively, U, is the trapping rate, and E,

is the transfer barrier between the two recombination channels. The best fitting result with Eq. (4)

— 8 -1 _ 8 -1 _ 9 -1 _ 13 -1
was obtained by taking Ri=228x10°s™ | R,=1.65x10%" R, =1.79x10°s™ = U,=5.98x10"s"

and £:=22.0 meV, as depicted by the red solid line in Fig. 5. Very good agreement between

theory and experiment is achieved, suggesting that carrier transfer between the two groups of
electronic states is indeed a main physical mechanism in the studied GalnP alloy.
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Fig. 6. Temperature evolution (solid squares, depicted in semi-logarithmic scale) of the electrical
resistance of the sample. The solid lines are the exponential fitting results.

After having above-described model simulations to the experimental data, now we turn to give a
more detailed discussion on the two kinds of electronic states well as carrier transfer between
them. As argued in the introduction part, carrier localization shall be a common phenomenon in
partially disordered isovalent ternary semiconductors including GalnP alloy studied in the
present work. In addition to the compositional fluctuations in indium (gallium) content within the
alloy layer,”* * local atomic ordering domains with different ordering degrees may exist.”® **
Very recently, Li ef al. suggested that two kinds of localized states induced by In-rich clusters

9
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with varying indium contents and QW structures with different well widths, respectively, result
in the two distinct emission peaks in a green InGaN/GaN MQW LED structure.”” In fact,
spontaneously partially ordered GalnP alloy could be phenomenologically described as a
disordered GalnP matrix embedded with local atomic ordering domains.” The remarkable V-
shaped evolution of peak position of Peak 1 upon temperature is usually regarded as a typical
carrier localization effect.'® ?*?° It needs pointing out that the wave functions of electronic states
are actually locally extended in the superlattice-like lattices of local ordered domains. In contrast,
Peak 2 is associated with the localized states having higher eigenenergy, although they are
quantum-mechanically localized in the disordered region. The situation looks strange, but it is
reasonable and self-consistent. We thus have a physical picture giving a phenomenological but
self-consistent description of the two groups of electronic states and corresponding emission
channels in the GalnP alloy, as shown in the inset figure in Fig. 5.

As the carrier transfer and luminescence mechanism transition were observed in the GalnP alloy,
a characteristic energy barrier or boundary shall exist between the groups of electronic states. In
the LSE model, E, — E, is argued to be a key parameter and act as an energy barrier or thermal

activation energy.”” " At 10 K, E, — E, = 21.3 meV was obtained for the best fitting with LSE
model. When we used Eq. (4) to do fitting, we obtained a transfer barrier of £,=22.0 meV . The

two values are nearly equal to each other. This fact makes us believe that the energy barrier
between the delocalized states and localized states in the studied GalnP alloy is about 21 meV.
To make further investigation on the influence of carrier localization and transfer, we measured
the electrical resistance of the solar cell sample at different temperatures. The results (solid
squares) are depicted in semi-logarithmic scale in Fig. 6. It has been shown that exponential
decrease of the electrical resistance of a disordered electron system with respect to temperature is
a typical effect of Anderson localization.*® It is obvious that the electrical resistance evolution of
the sample with temperature can be divided into 3 regions. This is consistent with the behavior of
the luminescence transitions. Below 30 K, only Peak 1 is observable. Correspondingly, the
electrical resistance exponentially decreases in a slow rate, which is mainly related to the
occupying of local extended states. From 40 K to 90 K, significant transfer and thermal
redistribution of carriers between the two kinds of electronic states take place, which results in
rise of concentration of conductive carriers, and thus quick decrease of the resistance is observed.
When the temperature gets higher than 100 K, Peak 1 almost completely quenches and the
carriers mainly occupy the Anderson-type localized states. Consequently, the electrical resistance
of the sample exponentially decreases in a slower pace again.

Conclusions

In conclusion, transition of radiative recombination mechanism of carriers from local extended
states to Anderson localized states in partially ordered GalnP alloy was revealed by employing a
GalnP/GaAs single-junction solar cell and variable-temperature EL spectroscopic measurement.

The spontaneous local InP/GaP superlattice domains and random distribution of indium content
10
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are suggested to be responsible for the local extended states and Anderson localized states,
respectively. It is found that the transfer and thermal redistribution of carriers between the two
groups of electronic states cause the transition of luminescence mechanism and account for the
anomalous temperature dependent behaviors. A transfer barrier of ~21 meV was deduced from
the fittings to the experimental data with two models. The electrical resistance of the sample also
exhibits exponential decrease with increasing temperature. The study leads to a self-consistent
and precise picture of carrier localization and luminescence mechanism in semiconductors with
similar short-range ordering domains and long-range random matrix.
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