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Photoluminescence of I-VIl Semiconductor Compounds. Sensitized
Luminescence from “Deep States” Recombination in CuBr/AgBr
Nanocrystals
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The photoluminescence (PL) properties of CuBr and CuBr/AgBr semiconductor nanocrystals (NCs)
embedded in borosilicate glasses are measured under band-to-band excitation by a 355-nm Nd: YAG laser.
We observed emission from CuBr (peaked at 520 nm) doped glass, which is associated with deep states in
CuBr NCs. We also observed the sensitized blue to orange-red emission in CuBr/AgBr-glass systems
(peaked at 520 and 570 nm), in which the luminescence intensity of CuBr decreases with increasing AgBr
concentrations, while it is enhanced significantly around 570 nm. The results are discussed by the possible
energy transfer between them, or by the multi-exitonic recombination process which ejects an excited car-

rier from CuBr to AgBr NCs.
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INTRODUCTION

The preparation of light-emitting nanostructures
based on semiconductor nanocrystals (NCs) has recently
received considerable attention. For instance, efficient en-
ergy transfer from photo-excited smaller NCs (with higher
energy states) to larger NCs (with lower energy states) has
been found in a variety of I1I-V (e.g., InP') and II-VI (e.g.,
CdSe?) compounds packed closely in solid films, and the
kinetic rate of this energy transfer is fast, which is impor-
tant for the realization of cascaded energy transfer devices
based on NCs as well as on organic dyes.’ However, there is
no report for the sensitized luminescence of I-VII semicon-
ductor compounds in the literature, as far as we know.

Simplified energy diagrams of a direct band-gap CuBr
crystal (£,=2.98 eV at 80 K*) and a bulk AgBr having indi-
rect band-gap (Eg”’di’“"’ ~2.7 eV at 80 K°) are schematically
depicted in Fig. 1. Under nitrogen laser excitation (10* ~
10° W/em? at 4 K), a radiative recombination of CuBr sin-
gle crystals is composed mainly of quasi two-particle ex-
citon (electron-hole) and biexciton processes,”’ whereas in
bulk AgBr an additional phonon assisted process is neces-

sary to provide momentum conservation.® On the other
hand, quantum confinement of the indirect exciton in nano-
size particles of AgBr causes admixture in the momentum
space, and direct transition between the uppermost valence
band maximum and the lowest conduction band minimum
(i.e., between L, ; and I'; which is ~2.7 eV apart as shown
in Fig. 1) becomes partially allowed.” However, for our
AgBr NCs embedded in glass with size distributions rang-
ing from 3 ~ 15 nm, there is no emission observed in this
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Fig. 1. Energy diagrams of (a) CuBr and (b) AgBr.
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work under band-to-band excitation. Therefore, the mo-
mentum selection rule may still remain significant. Also,
nonradiative processes such as carrier ionization and Auger
effects have been studied intensively in quantum sized
semiconductor nanocrystals.'*'* Phonon assisted electron
tunneling in its surroundings has been demonstrated by the
time-resolved measurements as discussed in the section of
results and discussion.

In this paper we report PL properties of CuBr doped
and CuBr-AgBr co-doped borosilicate glasses under band-
to-band excitation. The observed emission spectrum for
CuBr NCs is described as a deep state recombination, and
the sensitized blue to orange red luminescence in CuB1/
AgBr NCs is discussed by the possible energy transfer or
ionization process which ejects an excited carrier from
CuBr to a nearby AgBr NCs.

EXPERIMENTAL METHOD

CuBr, AgBr and CuBr/AgBr co-doped borosilicate
glasses are prepared by a melt and heat-treatment method
as described elsewhere.'*'® Using high purity (> 99.9%)
Si0,, Na,CO3, H;BOj3, AI(OH);, CuO, AgBr, NaBr, SnO
and AlF;-3H,0, most of the glass mixtures are prepared ac-
cording to the compositions listed in Table 1. All the glass
plates with ~ 3.0 mm in thickness are colorless and trans-
parent.

Transmission electron microscopy (TEM) analysis is
performed using a JOEL JEM-2000EXII. Samples for TEM
are prepared by spreading glass powder upon a slide with
copper grids, which is covered with carbon film (Formvar/
Carbon 200 Mesh Cu) and used as support for this measure-
ment. Photographs for these samples are shown in Fig. 2. A
large amount of the nanocrystals appear as dark ball shapes
with diameters dy = 15 ~ 50 nm for CuBr (see Fig. 2a), and
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do=~ 3 ~ 15 nm for AgBr NCs (Fig. 2b). A TEM picture re-
corded upon the doubly doped sample is shown in Fig. 2c.
The enlargement picture (Fig. 2d) exhibits clearly that sev-
eral small particles (may be AgBr) interacting with a sin-
gle, large particle (or cluster), which may be composed of a
few nanocrystals of CuBr and AgBr mixture.

Absorption spectra of our samples are shown in Fig.
3a, where the normalized emission spectra are also plotted
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Fig. 2. TEM of glass samples with (a) 1.5mol%CuBr,
(b) 1.6mol%AgBr, and (c,d) 0.78mol%CuBr-
0.71mol%AgBr. Heat treatment conditions: an-
nealing at 580 °C (10 h) for (a) and (b), and an-
nealing at 570 °C (3 h) for (¢) and (d).

Table 1. Calculated compositions (mol%) of glasses embedded with CuBr (1 and 7), CuBr/AgBr (2 to 5), and AgBr (6)

Number Na,0O Al,O4 B,0; SiO, CuO NaBr AgBr SnO AlF;3H,0 Annealing conditions*
(1) 9.22 6.44 38.70 36.88 0.781 5.79 0.71 1.102 570°C,3 h

2) 9.23 6.45 38.73 36.91 0.781 5.80 028 0.71 1.103 570°C,3 h

3) 9.19 6.42 38.57 36.75 0.780 5.78 0.71  0.706 1.098 570°C,3 h

4 9.16 6.40 38.43 36.62 0.780 5.76 1.06  0.704 1.093 570°C,3 h

%) 8.29 5.80 36.85 34.49 1.53 8.56 1.60 1.80 1.08 570 °C, 10 h

(6) 9.07 6.15 39.74 36.89 5.45 1.60 1.10 570°C, 10 h

(7) 9.06 6.32 37.78 36.16 1.50 6.25 1.84 1.09 570°C, 10 h

* Additional heat treatment is described individually in the text.
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for comparison. The characteristic of size confinement ef-
fect in a CuBr/AgBr co-doped sample is shown in Fig. 3b,
which displays that the absorption edge shifts toward lon-
ger wavelengths with increasing heat treatment time.

A Q-Switched Nd:YAG laser delivering linear polar-
ized pulses at 355 nm wavelengths with ~6 ns pulse widths
is employed as the excitation source. The luminescence
spectra, collected in a direction of about 45° to that of the
excitation pulses, are obtained by a 0.5-m grating mono-
chromator (Acton SpectraPro-500) equipped with a photo-
multiplier (Hamamatsu R-928) whose output is fed into a
digitizing oscilloscope. In order to obtain a good compara-
ble luminescence intensity in different samples, the sample
is set at the same place in the experimental setup, and the
position and power of our irradiance and the width of the
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Fig. 3. Absorption spectra of glass samples with (1)
0.78mol%CuBr, (2) 0.78mol%CuBr/0.71mol%
AgBrand (3) 1.6mol%AgBr. Normalized emis-
sion spectra of samples (1) and (2) are plotted as
(4) and (5), respectively.
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slit (~1.0 mm) to collect the emission light are fixed under
the same conditions. The intensity of the luminescence
spectrum from CuBr doped glass (centered at 520 nm) and
from CuBr/AgBr co-doped glasses (centered at 520 and
570 nm) are calculated by integrating over each spectrum
region.

RESULTS AND DISCUSSION

Luminescence in CuBr nanocrystals

Recently, the luminescent properties of CuBr NCs (d
~ 12 ~ 82 nm) embedded in a silicate glass were studied by
Tamulaitis et al.'” Under band-to-band excitation (quantum
energy 3.15 eV, FWHM duration 5 ps), they obtained an
emission spectrum ranging from 410 to 430 nm, and they
attribute these radiative recombination processes to the
exciton-exciton interaction and surface recombination.'’
This result corresponds with the literature report: CuBr
crystal has been known to emit three bands at 2.945 eV
(421.0 nm), 2.941 eV (421.6 nm) and 2.930 eV (423 nm),
called My, My and M, by the irradiation of N, laser light at
42 K8 My, My and M, bands are explained to originate
from the annihilation of the biexcitons leaving excitons at
the triplet, transverse and longitudinal states, respectively.

When the laser pulse is >3 uJ (= 1.5 x 10* W/cm?), we
observe luminescence from a 1.5 mol% CuBr doped glass,
and it becomes very bright at higher input intensity. This
emission spectrum peaks at 520 nm as shown in Fig. 4(a),
where an inset is its bright luminescence taken in the dark
during the excitation at £ ~ 20 = 3 pJ. We also find a linear
relation between this peak intensity and the irradiance.
Therefore, the emission spectrum depicted in Fig. 4(a) is
likely to be caused by the radiative recombination associ-
ated with deep states such as interstitial copper-Cu;, and
these interstitial ions could be formed during the rapid cool-
ing process of our glass samples. For example, deep center
luminescence in the 0.7 eV spectra region is found by
Krustok et al. in a direct gap II-VI compound CdTe:Cu:Cl,
which is prepared by high-temperature melt followed by
quenching to room temperature.'® Since the rapid cooling
promotes a formation of defects such as an interstitial Cu;,
they assume that the Cu; is a deep donor and that it forms a
DA pair with a deep acceptor on the Cd site. These DA
pairs are responsible for the PL emission in the 0.7 eV spec-
tra region.'’
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Sensitized luminescence in CuBr/AgBr nanocrystals
Although PL in nano-size particles of AgBr (dp= 10 ~
40 nm) embedded in an inverse micelles system display
free exciton emission peaking at 462 nm and a deep state
recombination centered at 580 nm,'” there is no detectable
luminescence in the UV and visible region from our 1.6
mol% AgBr doped glass sample. However, when we irradi-
ate a 0.03 mol% CuBr-1.6 mol% AgBr co-doped glass at £
~ 5 ul (2.5 x 10* W/em®), its emission spectrum comprises
two broad bands peaking at 520 and 570 nm. This lumines-
cence intensity is enhanced dramatically by increasing the
amount of CuBr concentrations as shown in Fig. 4(b); here
we observe a strong PL from a 1.5 mol% CuBr-1.6 mol%
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Fig. 4. (a) PL ofa 1.5mol%CuBr doped glass excited at
an average input energy (2) Ex3.2 uJand (3) E
~ 5.1 pJ, an inset is taken in the dark when irra-
diated at £ ~ 20 pJ, and (1) is a 1.6mol%AgBr
doped glass irradiated at £ = 10.3 pJ. (b) PL of
(1) 0.03mol%CuBr-1.6mol%AgBr, and (2) 1.5
mol%CuBr-1.6mol%AgBr co-doped glasses.
Both are irradiated at £~ 5 pJ. An inset is taken
in the dark during the excitation of (2).
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Fig. 5. (a) PL spectra from the samples of 0.78mol%
CuBr/x-mol%AgBr co-doped glasses with (1) x
=0,(2)x=0.28,(3)x=0.71,and (4) x=1.06 (£
~ 10 uJ (5 x 10* W/cm?)). Inset is the change of
integrated PL intensity as a function of
co-dopant mole % of AgBr. (b) PL spectra of
samples (1) to (3) in (a) with additional heat
treatment at 500 °C for 45 hours (£ = 10.0 pJ).
Inset is the change of integrated PL intensity vs.
mole% of AgBr. (¢) A plot of In(/y/]) as a func-
tion of co-doped AgBr concentrations. /y and /
are the intensities for CuBr emission in the ab-
sence and presence of AgBr, respectively. Data
in this plot are taken from the results in (a).
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AgBr co-doped glass consisting of two broad bands cen-
tered as before.

To understand the PL property in our CuBr/AgBr-
glass system, we prepare several 0.78 mol% CuBr doped
glasses which are co-doped with 0 to 1.06 mol% of AgBr,
and their compositions are listed in Table 1 as numbers (1)
to (4). When irradiated at £ = 10 + 0.3 pJ ((5 + 0.15) x 10*
W/cm?), we obtain a series of PL spectra from these sam-
ples; see Fig. 5(a). The intensity from our 0.78 mol%CuBr
doped glass (centered at 520 nm) and from 0.78 mol%
CuBr/AgBr co-doped glasses (centered at 520 and 570 nm
individually) are calculated by integrating over each spec-
trum region. The variation of integrated PL intensity from
the CuBr doped sample as a function of the codopant con-
centrations of AgBr is determined and displayed as an inset
in Fig. 5(a). The emission of CuBr decreases with increas-
ing AgBr concentration. At the same time, a significant en-
hancement of the AgBr emission is observed. With addi-
tional heat treatment at 500 °C for 45 hours of our samples
(1) to (3), we obtain similar emission spectra as plotted in
Fig. 5(b), where the inset exhibits the sensitized lumines-
cent property as before. In summary, the above results indi-
cate that (1) the observed emission spectrum centered at
520 and 570 nm is fairly constant for crystallites of various
sizes and concentrations in the glass matrix and that it is
consistent with the “deep states” recombination character-
ization, and (2) this PL could be caused by the energy trans-
fer from CuBr into a nearby AgBr NCs.

Moreover, the Perrin formulation (Eq. 1), which as-
sumes that an effective “quenching sphere” exists about the
donor center molecule,” is applied to analyze the above ex-
perimental data.

Iy
lnTz VN[C] (1)

In Eq. 1, j and 7 are the intensities for donor (e.g., CuBr)
emission in the absence and presence of an acceptor (e.g.,
AgBr), respectively, V is the volume of the active sphere
(in cm?), N is particle number density, and [C] is the con-
centration of acceptor in M.

A plot of In(/y/I) versus [C] is shown in Fig. 5c, where
we obtain NV ~ 7.4 x 102, so that the radius R of the
quenching sphere can be evaluated as R = (3V/47)"?, the re-
sults of which give R~ (0.1 ~0.15) x 107" cm for N ~ (17 ~
4.6) x 10'"® cm™. The calculated values of R are much
smaller than the radius of CuBr and AgBr NCs in our sam-
ples; that gives the efficiency of energy transfer ®zr~ 1."°
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However, in our system the entity from which energy is be-
ing transferred is a small particle with hundreds of AgBr
molecules; therefore, it is not clear that eq. 1 can be prop-
erly applied here. We need further experiments (such as
time resolved emission measurement) to confirm these en-
ergy transfer properties.

As schematically depicted in Fig. 6, we suggest that
the free carriers are generated firstly in CuBr NCs through
the pumping, while the excitons (and biexcitons) are formed
rapidly and which can be captured by a deep state and fol-
lowed by the radiative recombination. The energy transfer
from CuBr to AgBr NCs is considered due to the dipole-
dipole interaction between the donor-to-ground emission
state in CuBr and the ground-to-excited states in AgBr
NCs. The generated free carriers in AgBr NCs can undergo
several different routes such as free exciton luminescence,
or it can be captured by the deep states, which consist of a
“donor site” (i.e. an interstitial Ag" for a Frenkel defect in

5,21 .
") and an “acceptor site”

the cation sub-lattice of AgBr
(i.e. silver ion vacancies), and then decayed radiatively as a
donor-acceptor (D-A) recombination. Furthermore, as we
described below, the observed sensitized PL could also be
attributed to the ejection of an excited carrier from CuBr to
a trap state of the nearby AgBr NCs.

Auger effects are expected to play an important role
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Fig. 6. Energy states of the exciton and excitonic mole-
cule in CuBr crystals, and the optical transitions
between them are measured by the irradiation
of nitrogen laser at low temperature.” Emission
from the CuBr doped and CuBr/AgBr co-doped
samples observed in this work, and the possible
energy transfer between CuBr and AgBr, are
also drawn in this figure. Free exciton emission
from the AgBr NCs is according to a literature
report.'?
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10-14 . . .
%1 For instance, earlier experiments

in carrier relaxation.
demonstrate the following photon absorption and recombi-
nation pathways during the subpicosecond ultraviolet (UV)
laser flash on small CdS (dy = 2.5 nm) or ZnCdS (dy = 4.0

nm) colloids:'"

Step 1: (CdS) ——(CdS) (e”—h")—(CdS),
Step 2: (CdS), (e”—h* }——(CdS)(e”~h"),
—(CdS), (e —h")

Auger recombination

Step 3: (Cds)(e* _h+ )2 and electron scattering

(Cas), (h)+(e"),

Since the energy of the first excited state (Step 1) is not
high enough for an electron ejection, the electron emitted
into the aqueous phase is therefore attributed to the doubly
excited state, as Step 3. Because of the very large spatial
overlap between the two electron-hole pairs in the small
CdS and ZnCdS quantum dots, large amounts of hydrated
electrons (i.e, about 30% as compared with the maximum
electron yield) are produced after multiphoton excitation."'
More recently, time-resolved PL measurements are
performed on thin films of dispersed core/shell CdSe/ZnS
NCs by Krous et al.' Their results show that an excited car-
rier in the core NCs can be efficiently scattered to a trap
state of the shell NCs via phonon-assisted tunneling due to
increased carrier wave function overlap with the trap states.
This excited carrier can be generated by a sequence of
bi-excitonic and even higher excitonic Auger recombina-

CuBr Electron ~ AgBr
scattering
wAanAnS /m
= [
1  deep-trap
o O y V> emission
= deyp trap _ Y (570 nm)
= i, cmyssion —
) (520\nm)
= =7
===

Fig. 7. Schematic description of the bi-exciton annihi-
lation and carrier excitation followed by scat-
tering to a trap state of AgBr surroundings via
phonon assisted tunneling.
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tion processes as described in Ref. 14.

A possible carrier scattering pathway from the CuBr
into AgBr NCs is schematically drawn in Fig. 7, where we
proposed that an electron is ejected to a higher energy level
through the bi-exciton Auger recombination. After that,
this excited electron can relax thermally followed by re-
combining radiatively, while it can be scattered to a trap
state which is located in the vicinity of AgBr NCs. There-
fore, the interplay between Auger recombination and car-
rier ionization may increase the PL intensity in the AgBr
NCs, and it may decrease the emission of CuBr in the
meantime as observed in this work.

CONCLUSION

This work presents the luminescent properties of
CuBr, AgBr and CuBr/AgBr nanocrystals embedded in
borosilicate glasses when irradiated at 355 nm with input
intensity ~10° W/cm?. For the CuBr- and AgBr-doped sam-
ples, we only observe PL from the former which is peaked
at 520 nm. Our CuBr/AgBr doubly doped samples exhibit
blue to red emission, which is enhanced significantly by in-
creasing the amount of CuBr NCs. In addition, for a series
of doubly doped samples by varying the amounts of AgBr,
the emission of CuBr decreases with increasing AgBr con-
centrations, while a significant enhancement of the AgBr
emission is displayed at the same time. Possible energy
transfer or carrier scattering from CuBr to AgBr NCs are
proposed.
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