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Disorder and Confinement Effects to Tune the Optical 
Properties of Amino Acid Doped Cu2O Crystals
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Sebastian Rieger, Tushar Debnath,* Boaz Pokroy,* and Jochen Feldmann*

Biominerals are organic–inorganic nanocomposites exhibiting remarkable 
properties due to their unique configuration. Using optical spectroscopy 
and theoretical modeling, it is shown that the optical properties of a model 
bioinspired system, an inorganic semiconductor host (Cu2O) grown in the 
presence of amino acids (AAs), are strongly influenced by the latter. The 
absorption and photoluminescence excitation spectra of Cu2O-AAs blue-shift 
with growing AA content, indicating band gap widening. This is attributed to 
the void-induced quantum confinement effects. Surprisingly, no such shift 
occurs in the emission spectra. The theoretical model, assuming an inho-
mogeneous AA distribution within Cu2O-AAs due to compositional disorder, 
explains the deviating behavior of the photoluminescence. The model pre-
dicts that the potential causing the confinement effects becomes a function 
of the local AA density. It results in a Gaussian band gap distribution that 
shapes the optical properties of Cu2O-AAs. Imitating and harnessing the pro-
cess of biomineralization can pave the way toward new functional materials.
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example, by altering the chemical com-
position or by the chemical doping of 
the semiconductor,[1a–e] altering dimen-
sionality and crystallinity.[1f,g] Recently, 
followed by numerous studies on the 
incorporation of various organic mole-
cules into inorganic crystalline hosts,[2] 
a unique approach for manipulating the 
band gap of semiconductors inspired by 
biomineralization has emerged.[3] For 
example, Pokroy et  al. observed that a 
semiconductor like ZnO grown in the 
presence of amino acids (AAs) exhibits a 
significant band gap widening depending 
on the AA concentration.[3a]

In this work, we show that the optical 
properties of bioinspired composite Cu2O-
AAs crystals are strongly influenced by 
the AA content. Cu2O is a direct band 
gap semiconductor[4] with a very high 

exciton binding energy (≈ 150 meV).[5] It has played a crucial 
role in the development of semiconductor technology[6] and the 
understanding of important physical phenomena.[7] Owing to 
its versatility, availability, and numerous application possibili-
ties,[8] Cu2O is a material of great importance. We find that the 
incorporation of AAs into the Cu2O matrix leads to band gap 
opening, as observed from the blue-shift in the absorption and 
photoluminescence excitation spectra. We attribute it to void-
induced quantum confinement effects.[3b] Surprisingly, such a 
shift is absent in the emission spectra. We model the absorption 
spectra of Cu2O-AAs by combining disorder and confinement 
effects. The model assumes an inhomogeneous AA arrange-
ment within the crystals due to compositional disorder. Conse-
quently, the potential causing confinement effects becomes a 
function of the local AA density. It results in a Gaussian band 
gap distribution that fully reflects the observed optical spectra. 
Imitating and harnessing the process of biomineralization 
could pave the way toward new functional materials for opto-
electronic applications in, for example, ultrafast switching.

We carried out the synthesis of undoped and AA-doped 
Cu2O crystals following our report published earlier.[3c] Briefly, 
the undoped Cu2O crystals (Figure 1a) were grown without any 
additive. Cu2O-AAs were grown by adding glycine and lysine 
separately (Gly: C2H5NO2, Lys: C6H14N2O2, Figure  1b,c) into 
the crystallization solution at final concentrations of 3 (Cu2O-
Gly3), 6 (Cu2O-Gly6) and 10 (Cu2O-Gly10) of glycine, and 3 
(Cu2O-Lys3) and 6  mg mL–1 (Cu2O-Lys6) of lysine. After air-
drying, the powdered samples were dispersed in ethanol and 
drop-casted on silica substrates. We examined the Cu2O-AAs 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/adfm.202202121.

1. Introduction

Tuning the optical properties of semiconductors is pivotal in 
enhancing their functionality and applicability. One crucial way 
to achieve this is to change the band gap. It can be done, for 

© 2022 The Authors. Advanced Functional Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative Com-
mons Attribution-NonCommercial-NoDerivs License, which permits use 
and distribution in any medium, provided the original work is properly cited, 
the use is non-commercial and no modifications or adaptations are made.

Adv. Funct. Mater. 2022, 32, 2202121

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadfm.202202121&domain=pdf&date_stamp=2022-04-24


www.afm-journal.dewww.advancedsciencenews.com

2202121 (2 of 7) © 2022 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH

samples utilizing scanning electron microscopy (SEM), dif-
fuse reflectance (DR), steady-state photoluminescence emission 
(PL), and photoluminescence excitation (PLE) spectroscopic 
techniques (see Experimental Section).

2. Results and Discussion

The scanning electron microscopy (SEM) image reveals the 
undoped Cu2O sample consists of mostly pyramid-shaped 
particles (Figure  1d). The particle shape changes upon glycine 
incorporation from a pyramid to an octahedron (Figure  1d–g 
insets). In addition, particle size decreases with increasing gly-
cine amount (Figure  1d–g). We determine the edge lengths of 
the crystals to be 3.02  ± 0.78  µm for the undoped Cu2O, and 
1.98  ± 0.38, 1.23  ± 0.27, and 0.79  ± 0.15  µm for Cu2O-Gly3, 
Cu2O-Gly6, and Cu2O-Gly10, respectively. Interestingly, not 
only does the edge length decrease with the increasing incor-
poration of AAs, but also their spread is reduced indicating that 
the particle size becomes more regular. Similar changes occur 
in the case of Cu2O-Lys samples (Figure S1, Supporting Infor-
mation). This suggests that incorporation of AAs leads to a 
modification in the morphology of the Cu2O host crystals.

The pronounced light scattering effects of our micron-sized 
particles do not permit any experimental measurements based 
on the transmission geometry. Therefore, to gain insight into 
the optical properties of the undoped and AA-doped Cu2O 
crystals, we first performed DR measurements (see Experi-
mental Section, Figure S2, Supporting Information). By using 
the Kubelka–Munk (KM) theory and assuming a limit of 
an infinitely thick film, we were able to express a frequency-
dependent KM function of the samples F(R∞) as a function of 
the measured DR spectra R∞(ν):

F R
S

R

R

1
2

2α( ) ( )= = −
∞

∞

∞
 (1)

which equals the ratio between the frequency-dependent 
absorption coefficient, α(ν), and the frequency-independent 

scattering constant, S. Hence, the KM function is proportional 
to the absorption spectrum of the samples.[9] Figure 2a,b shows 
the obtained spectra for several AA doped Cu2O crystals (see 
Figure S3a, Supporting Information, for an additional DR 
related absorption spectrum of Cu2O-Lys15). The qualitative 
behavior of the undoped Cu2O spectrum is in good agreement 
with the absorption spectrum of Cu2O reported in the litera-
ture.[4,10] Because of the dipole forbidden nature of the n  =  1 
exciton,[11] the DR related absorption spectrum of the undoped 
Cu2O does not exhibit a typical exciton peak at ≈1.97  eV but 
instead a weak shoulder (denoted as “n = 1” in Figure 2a).

Figure 1. a) A unit cell structure of the Cu2O crystal. The structural formula of b) glycine and c) lysine. Scanning electron microscopy (SEM) images 
of d) the undoped Cu2O, and doped e) Cu2O-Gly3, f) Cu2O-Gly6 and g) Cu2O-Gly10 samples. Scale bar: 3 µm. (Inset) corresponding high-resolution 
images of one particle. Scale bar: 1 µm.

Figure 2. The DR related absorption spectra of the undoped Cu2O, along 
with a) Gly-doped crystals and b) Lys-doped crystals. Inset: The expanded 
DR related absorption spectra of the undoped Cu2O and Gly-doped crys-
tals for the energy range 1.9–2.4 eV. n  =  1 marks the exciton position.
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We find that the DR related absorption spectra of the AA-
doped Cu2O samples, both Cu2O-Gly and Cu2O-Lys, are consid-
erably blue-shifted compared to the undoped Cu2O spectrum. 
In addition, the higher the AA concentration, the stronger is 
the observed blue-shift. Qualitatively, this observation agrees 
with our previous work on AA-doped ZnO crystals, where we 
reported that the optical band gap of ZnO crystals increases 
due to the AA-induced quantum confinement effects.[3a,b] In 
the following, we argue that a similar effect must be at play for 
Cu2O-AAs crystals. Quantum confinement effects in Cu2O start 
to appear once the particle size decreases below 10 nm.[12] An 
average distance between the AAs in the doped Cu2O crystals 
is estimated by employing solid mass and wavelength disper-
sive X-ray spectroscopies to be several nanometers long.[3c] Con-
sidering the average distance between the AAs and the exciton 
Bohr radius of Cu2O (≈7 Å),[13] we believe that the doped AAs 
could act as potential barriers for the excitons and thus, induce 
quantum confinement, similar to the mechanism reported 
for the ZnO-AAs composites,[3b] resulting in the blue-shifted 
absorption spectra. Especially the magnitude of the confine-
ment effects will depend on the distance between the AAs, as 
previously also demonstrated for ZnO.[3b]

The average separation between the incorporated AAs is sev-
eral nanometers long. However, the actual distances between the 
AAs will be distributed inhomogeneously around their average 
value due to compositional disorder. Consequently, the potential 
associated with the confinement effects will vary as a function of 
local AA density. As a result, regions with higher AA concentra-
tion will display stronger confinement effects than regions with 
lower AA concentration. In some AA-scarce regions, the con-
finement effects might be negligible. Therefore, we argue that 
the Cu2O-AAs samples will possess different local band gaps. 
We expect a normal distribution of the local band gaps around 
some mean value. Hence, the absorption spectrum of an AA-
doped Cu2O crystal will be a superposition of all local absorption 
spectra corresponding to the individual crystal regions.

To model the DR related absorption spectra of Cu2O-AAs, 
we make several assumptions. We crudely assume that each 

local absorption spectrum of a certain crystal region αlocal(εg,E) 
with a local band gap εg strongly resembles the absorption 
spectrum of the undoped Cu2O, E E( , )Cu O2α  with a band gap 
ECu O2 , except that the local spectrum is blue-shifted with the 
same magnitude as the local band gap εg with respect to ECu O2 . 
Here, E represents frequency dependence. The total absorption 
spectra of the AA-doped samples are weighted sums of the 
local absorption spectra. The weights are determined by the 
band gap distribution inside the crystals, D(εg) that we assume 
to have a Gaussian shape, centered around some mean value 

Cu O AA2ε −  with a standard deviation Cu O AA2σ − . Summarizing this as 
a mathematical expression, we obtain:

,Cu O AA g local g g2

Cu2O

g
max

E D E d
E
∫α ε α ε ε( ) ( )( ) =

ε

−  (2)

where g
maxε  is the largest possible local band gap inside an AA 

doped crystal. We use E eV2.02Cu O2 ≈  as estimated before.[3c]

The orange curves in Figure 3a shows the modeled absorp-
tion spectra for the Gly-doped samples using Equation (2). The 
model agrees well with the measured data, especially below 
2.6 eV, thus, supporting our initial hypothesis of the inhomoge-
neous AA distribution within the doped Cu2O samples. Notably, 
the model does not predict the absorption spectra for the Cu2O-
Lys (Figure 3b) as accurately as it does for the Cu2O-Gly crystals. 
The latter is possible due to more complex band gap distribu-
tion function for Lys-doped samples in contrast to the Gly-doped 
samples, containing an additional NH2 functional group.

Figure 3c shows the band gap distribution function D(εg) of 
the AA doped crystals derived from the model. The dashed lines 
indicate the energy range below E eV2.02Cu O2 ≈ . The curves in 
that range do not bear any physical significance because we 
do not expect any local band gap to be lower than that of the 
undoped Cu2O. Table 1 lists the extracted mean local band gaps 

Cu O AA2ε −  and the standard deviations of the band gap distribu-
tions Cu O AA2σ −  for Cu2O-Gly and Cu2O-Lys samples. According 
to our model, the average local band gap Cu O AA2ε −  of the Cu2O-
AAs samples increases progressively with growing AA content. 

Figure 3. The DR related absorption (blue) and the modeled absorption spectra (orange) using Equation (2) of the doped a) Cu2O-Gly and b) Cu2O-Lys. 
c) The band gap distribution functions for Cu2O-Gly (above), and Cu2O-Lys (below) derived from the model. The dashed lines indicate the energies 
below E 2.02 eVCu O2

≈  (marked by a vertical dotted line). The gray arrows indicate blue-shift.
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Moreover, the expanding spread of D(εg) as more organic mole-
cules are doped into the Cu2O crystals reflects a broader local 
band gap distribution. The model predicts a stronger band gap 
increase and larger spread in the local band gap distribution 
functions for Lys-doped samples compared to Gly-doped Cu2O.

As the incorporated AAs strongly influence the light absorp-
tion properties of the Cu2O crystals, it is of keen interest 
whether they also change their light emission properties. To 
this end, we investigated the PL emission spectra of the Cu2O-
AAs samples (see Experimental Section). Figures 4a,c compare 
the obtained spectra for the Gly- and Lys-doped samples, respec-
tively, excited at 510 nm (2.43 eV) (see Figure S3b, Supporting 
Information, for an additional PL spectrum of Cu2O-Lys15). In 
the undoped Cu2O spectrum, the PL peak ≈2.0 eV stems from 
the phonon-assisted radiative decay of n  =  1 excitons.[11a,11b,13,14] 
The dominant PL peak ≈1.6  eV originates from the emission 
of excitations at intrinsic defects of Cu2O.[4,11a,15] Surprisingly, 
the PL peak positions of the Cu2O-AAs crystals are very sim-
ilar to the undoped Cu2O spectrum (Figure  4a,c), without any 
blue-shift contrary to the DR related absorption spectra. It is in 
contrast to our previous observations for ZnO-AAs crystals as 
well. For those, a blue-shift in the PL relative to the undoped 
ZnO crystal occurred in both excitonic and defect-assisted 
emission.[3a,b]

Notably, the exciton emission of the Cu2O-Gly and -Lys 
samples broadens, and the typical phonon replica, present in 
the Cu2O spectrum, is no longer noticeable (Figure S4, Sup-
porting Information). We believe the broadening of the exciton 
emission in the AA-doped crystals could be due to decreased 
exciton–phonon coupling because of the presence of the organic 
molecules and the resulting compositional disorder. Moreover, a 
relative increase in the defect to exciton emission as a function 
of AA content points toward an efficient exciton quenching by 
the intrinsic and AA-related defect states. Additionally, the time-
resolved PL measurements at room temperature (Figure S5,  
Supporting Information) reveal that although the exciton PL 
decay for the undoped Cu2O is very fast (≈5 ps), with growing 
AA content the decay becomes even faster (e.g., <1 ps for Gly10). 
We believe, that the decrease in the exciton PL decay times indi-
cates the increase in the number of defect states. The presence 
of numerous defects states is typical for disordered systems. 
Thus, we think all this evidence supports our model of inhomo-
geneous AA distribution within the Cu2O matrix.

To understand the origin of the PL emission of the Cu2O-AAs 
samples, we investigated their PLE spectra. Figure 4b,d depicts 
the PLE spectra of the composites detected at 1.92 eV. Figure S6, 
Supporting Information, shows additional PLE spectra detected 
at different energies. The PLE spectrum of the undoped 
Cu2O exhibits a sharp increase starting from ≈1.98 eV. It is in 
good agreement with the onset of the KM functions of Cu2O 
(Figure  2a inset). Thus, for near-band gap excitation energies, 
we can assume that PLE intensity is proportional to the absorp-
tion spectrum. Upon increasing the AA content, we find that 
the PLE spectra blue-shift progressively, similar to the KM func-
tions. Therefore, both DR related absorption and PLE spectra 
show blue-shift upon AA incorporation into the Cu2O matrix, 
but no blue-shift arises in their corresponding PL spectra.

The question is raised as to why we do not observe a blue-
shift in the PL? As our theoretical model revealed, aside from 
the void-induced quantum confinement, the disorder effects 

Table 1. The extracted average local band gaps Cu O AA2
ε −  and the 

standard deviations of the local band gap distributions Cu O AA2
σ −  for Gly- 

and Lys-doped Cu2O using the model in Equation (2).

Sample Cu O AA2
ε −  [eV] Cu O AA2

σ −  [eV]

Cu2O-Gly3 2.089 0.079

Cu2O-Gly6 2.101 0.086

Cu2O-Gly10 2.163 0.116

Cu2O-Lys3 2.259 0.135

Cu2O-Lys6 2.331 0.149

Figure 4. The PL spectra of the undoped Cu2O along with a) Cu2O-Gly, and c) Cu2O-Lys. b,d) The PLE spectra of the same samples as in (a) and in 
(c), respectively, detected at 1.92 eV.
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play a significant role in governing the light absorption 
behavior of Cu2O-AAs crystals. Since emission and absorption 
are related to each other, we expect the disorder effects to have 
an impact on the latter too. Recall that in an emission process, 
the excited charge carriers and excitons non-radiatively relax to 
the lowest excited state before returning to the ground state by 
releasing a photon. According to the calculated band gap dis-
tribution function D(εg), the lowest possible energy where the 
excitons in the Cu2O-AAs crystals can relax prior to recombi-
nation are located in the AA-poor regions (Figure 5). In such 
regions, the local crystal environment and the local electronic 
structure will closely resemble those of the undoped Cu2O, 
hence serving as potential wells for excitons (Figure 5ii). Exci-
tons diffusing to an AA-poor region will relax energetically 
into the lower-lying states within the potential wells and then 
recombine at the local band gap of the undoped Cu2O. Note, 
as the AAs act as a barrier, there is a certain energy threshold 
associated with each barrier that can likely limit the motion of 
the excitons within the crystal. However, we believe that inside 
the barriers, there is a non-zero overlap between wavefunctions 
of excitons, so that the situation becomes analogous to a case of 
superlattices. Therefore, we believe that AAs do not significantly 
hinder the exciton motion within the crystals, so that they can 
diffuse toward the potential wells (local band gap minimum) 
and relax energetically inside them. This result is consistent 
with our analysis of the absorption spectra, where we showed 
that the band gap distribution function D(εg) peaks at higher 
energies than the band gap of the undoped Cu2O. We further 
assess exciton diffusion length L in one dimensions in an 
undoped Cu2O using a formula L D2 τ= . Here D = 10 cm2 s−1  
is the estimated diffusion coefficient of Cu2O at room tempera-
ture[16] and τ is their lifetime. For lifetime as short as 5 ps the 
diffusion length is 100  nm, which encompasses several hun-
dreds of unit cells. Though the confinement effects and the 
presence of the AAs might reduce mobility of the excitons in 
the doped crystals, we strongly believe they will still be able to 
diffuse over a substantial distance to reach the potential wells.

3. Conclusions

In conclusion, we showed that the incorporation of organic 
molecules within the Cu2O crystals strongly influences the 
optical properties of the latter. The absorption spectra of the 
Cu2O-AAs crystals derived from the DR measurements, together 
with the PLE spectra reveal that their band gaps blue-shift with 
growing AA content. We attribute it to the AAs acting as barriers 
for excitons and thus, inducing quantum confinement effects. 
Surprisingly, no such shift occurs in the PL emission spectra. 
Our theoretical model provides a crucial step in explaining and 
consolidating the cumulative observations. The model assumes 
an inhomogeneous AA distribution within the Cu2O-AAs crys-
tals due to compositional disorder. Consequently, the potential 
associated with the confinement effects becomes a function of 
the local AA density. This results in a Gaussian band gap distri-
bution, which strongly shapes the absorptive and emissive prop-
erties of the composites. Our detailed investigation of a model 
bioinspired system lays the groundwork for new approaches for 
tuning the optical properties of semiconductors, in particular 
band gap engineering, which could have potential applications 
in optoelectronics. Moreover, given the sub-picosecond PL decay 
rates of the heavily doped specimens, these crystals could find a 
potential application in terahertz pulse generation.

4. Experimental Section
Synthesis: Copper (II) chloride dehydrate (CuCl2·5H2O), d-glucose, 

and sodium hydroxide (NaOH) were purchased from Bio-Lab, 
Jerusalem, Israel. Cetyltrimethyl ammonium bromide (CTAB) and amino 
acids (AAs) were purchased from Sigma-Aldrich, St. Louis, MO. 0.057 g 
CuCl2·5H2O, 1.093 g of CTAB, 0.079 g d-glucose, and 3 mL NaOH were 
added to deionized (DI) water in the presence of the L-AAs at various 
concentrations (L-Glycine: 3 mg mL–1, 6 mg mL–1, 10 mg mL–1. L-Lysine: 
3  mg mL–1, 6  mg mL–1). As the initial solutions are alkaline, the AAs 
are in their fully protonated form (Gly+ and Lys+2).[3c] The reference 
sample was prepared without adding any AAs into the aqueous solution. 
The solutions were transferred into a flask immersed into a silicon oil 
bath kept at 60 °C, and stirred for 1 h. The resulting Cu2O crystals were 
centrifuged, washed with DI water and ethanol several times, and air-
dried overnight.

Diffuse Reflectance: To gain an insight into the optical properties 
of the undoped and AA-doped Cu2O crystals, the authors first 
investigated their absorption spectra (optical density, OD) via 
transmission measurements. The obtained spectra showed nearly 
constant OD throughout the measured energy range. They attribute 
this to pronounced light scattering effects of the micron-sized particles. 
Consequently, the investigated samples did not permit any experimental 
measurements based on the transmission geometry. Avoiding scattering-
susceptible transmission measurements, they performed diffuse DR 
measurements using a Cary 5000 UV–vis–NIR spectrophotometer 
(Agilent Technologies, Santa Clara, CA) with a DRA-2500 integrating 
sphere attachment. The spectra were collected in the visible light range 
300–900 nm for the undoped and AA-doped Cu2O powders (Figure S2, 
Supporting Information).

Steady-State Photoluminescence Spectroscopy: Steady-state PL 
measurements were performed by a self-made PL setup. The SuperL 
Extreme EXR-20 supercontinuum white light laser (WLL) (NKT 
Photonoics) served as a pulsed excitation source with a pulse length 
≈5  ps. Its repetition rate was set to 0.304  MHz. The white light laser 
(WLL) was connected to the acousto-optic tunable filter (AOTF) (NKT 
Photonics) that enabled selection of the excitation wavelength in the 
visual (Vis) range. The laser beam exiting the acousto-optic tunable filter 

Figure 5. A 1D depiction of the energy band landscape of a Cu2O-AAs 
crystal in a one-particle picture. The blue shaded areas (i) denote AA-rich 
regions. The void-induced quantum confinement effects blue-shift the 
optical band gap. Their contribution dominates DR related absorption and 
PLE spectra. The orange shaded area (ii) denotes an AA-poor region. Here, 
the local crystal environment and electronic structure closely resemble 
that of the undoped Cu2O. This region acts as a potential well for excitons. 
Excitons diffusing to such a region energetically relax inside the potential 
well and then recombine radiatively. Arrows represent exciton diffusion. 
Dashed ellipses represent excitons. ECu O2

–the band gap of the undoped 
Cu2O, AACu O2

ε − –the average local band gap of the AA-doped Cu2O.

Adv. Funct. Mater. 2022, 32, 2202121
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(AOTF) Vis channel was guided on the optical path to the sample with 
the help of mirrors. A short pass filter (Thorlabs) was used to improve 
the laser beam quality. A dichroic mirror (Semrock) led the laser beam 
toward an objective (Olympus SLCPLFL 40x/0.55) that focused the beam 
on the sample. The dichroic mirror was selected in such a way, that only 
the PL of the sample was transmitted but not the laser beam reflected 
back from the sample. An additional long pass filter (Thorlabs) was used 
to filter out the residual laser light that was able to go through despite 
the dichroic mirror. The Acton SpectroPro SP2300 spectrometer and a 
charge coupled device camera PIXIS 400 eXcelon, both from Princeton 
Instruments were used to record the spectra.

PLE spectroscopy was an experimental technique suited for 
gaining insight into the electronic band structure. PLE intensity 
IPLE is proportional to the product of the probability of absorption Pabs, 
relaxation into the respective emissive states Prel, and emission Pem: 
IPLE ≈  PabsPrelPem. PLE spectra were measured with the same setup as 
the PL spectra. All emission intensities detected at various excitation 
energies were normalized by the corresponding average power of the 
incoming laser pulse. In order to render the PLE spectra of different 
samples comparable to each other the following treatments were 
performed: the lowest intensity was set to zero and the highest intensity 
to one. The rest was scaled linearly. The spectra were smoothed using a 
binomial signal processing method. This adjustment did not change the 
information contained in the PLE spectra.

Time-Resolved Photoluminescence Spectroscopy: The authors recorded 
time-resolved PL spectra using a universal streak camera C10910 
with an attached synchroscan unit M10911 and an ORCA-Flash4.0 V3 
digital complementary metal-oxide-semiconductor camera, all from 
Hamamatsu. They used a spectrograph SpectraPro HRS-300 from 
Princeton Instruments to resolve the wavelengths. A MIRA 900 Ti:sapphire 
laser (MIRA), pumped by a Verdi V10 DPSS laser at 532 nm (both from 
Coherent), was used as a pump source for optical parametric oscillator 
(OPO) by APE. The excitation laser pulse length was τpulse  ≈ 100  fs,  
the repetition frequency was set to frep = 75.6 MHz, and the excitation 
wavelength was set to 565 nm. The excitation power was selected in a way 
to avoid many-body effects. The laser beam was guided on the optical 
path by the mirrors and focused on the sample by a lens. Finally, the  
resulting PL was focused on the entrance slit of the spectrograph. The 
residual laser light was filtered out by a long pass filter 600  nm from 
Thorlabs, placed just prior to the entrance slit of the spectrograph. A 
delay unit C12270 from Hamamtsu was used to synchronize the beam 
phase between MIRA and the synchroscan unit of the streak camera.

Theoretical Modeling: Theoretical modeling as described in the main 
text was performed in Matlab R2019a. The lowest value AACu O2

ε −  was 
allowed to take was ECu O2

. The upper limit was varied. The band gap 
values previously calculated by Polishchuk et al.[3c] served as a guideline 
when selecting the value of AACu O2

ε − . During the initial fit AACu O2
σ −  was 

allowed to vary while AACu O2
ε −  was kept fixed. Afterward Cu O2 AAσ −  was set  

to the fitted value and AACu O2
ε −  was allowed to vary. This process was 

repeated several times manually in order to obtain the best fit to the 
data in the range 1.8–2.5 eV (R2 ≥ 0.97). Additionally, the amplitude of 
the Gaussian band gap distribution function D(ε) was allowed to vary. 
This was necessary in order to ensure correct normalization of the 
model with respect to the experimental data. The distribution functions 
reported in Figure 3c are normalized.
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