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Origin of ultraviolet photoluminescence in ZnO quantum dots: Confined
excitons versus surface-bound impurity exciton complexes
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We have theoretically investigated the origin of ultraviolet photoluminesc@tioen ZnO quantum

dots with diameters from 2 to 6 nm. Two possible sources of ultraviolet PL have been considered:
excitons confined in the quantum dot and excitons bound to an ionized impurity located at the
quantum-dot surface. It is found that depending on the fabrication method and surface passivation
technique, the ultraviolet PL of ZnO quantum dots can be attributed to either confined excitons or
surface-bound ionizedcceptorexciton complexes. The exciton radiative lifetime is shown to be
very sensitive to the exciton localization and can be used as a tool to discriminate between these two
sources of PL. €004 American Institute of PhysidDOI: 10.1063/1.1835992

Zinc oxide(ZnO) has recently attracted significant atten- nm* Since the size of ZnO QDs is only two to three times
tion as an efficient material for applications in UV light- larger than the size of the exciton, the electron—hole interac-
emitting diodes, laser diodes, varistors, and transparent cotion and quantum confinement effects have comparable
ducting films. Compared to other wide band-gap materialsstrengths. Therefore, a two-particle problem has to be solved
ZnO has a very large exciton binding energy60 me\j,  for an exciton in ZnO QDs.
which results in more efficient excitonic emission at room  The solution of a two-particle problem is a challenging
temperature. It is well known that semiconductor nanocrystask for atomistic tight-binding or pseudopotential methods.
tals or quantum dotgQDs) may have superior optical prop- On the other hand, the multiband effective-mass method
erties than bulk crystals owing to quantum confinement efworks surprisingly well for the description of lowest exciton
fects. For example, Guet al experimentally established States even for quantum shells as thin as one monotayer.
that the third-order nonlinear susceptibility of ZnO nanopar-We employ the latter method to solve the six-dimensional
ticles is~500 larger that that of bulk ZnO. Lately, there have €xciton problentit can be reduced to a five-dimensional one
been a number of reports of fabrication, structural, and optiby making use of the axial symmetry of exciton wave func-
cal characterization of ZnO QDS® Different fabrication tions along thec axis in wurtzite ZnQ.
technique%S and methods of the QD surface modificafién The exciton Hamiltonian with and without an ionized
have been used to quench the defect-related green photolimpurity present at the QD surface is written as
minescence and enhance the UV emission from ZnO QDs. . .

However, the nature of the UV photoluminescence from ZnO  Hgy= [He+ Vs_a(rP)] - [Hh - Vs_a(rh)] +Vip(rern)

QDs itself is not fully understood. Some authors attribute the _

UV photoluminescence to the recombination of confined +a(Vin(R,r o) = ViR 1)), (1)
excitons? while others argue that the emission comes fromwhere the two-band electron and the six-band hole Hamilto-

surface impurities or defects. . ~ niansH, and Hj, for wurtzite nanocrystals have been intro-
Understanding the origin of UV photoluminescence inqgyced in Ref. 13. Since the dielectric constants of ZnO QD
ZnO QDs is important from both fundamental science andyng of the exterior medium are different, the Coulomb po-
proposed optoelectronic applications points of view. In thisiential energy of the electron—hole system in EL).is rep-
letter we address this issue by examining theoretically th@esented by the sum of the electron—hole interaction energy
optical properties of ZnO QDs with and without ionized im- v, (. r,) and electron and hole self-interaction energies
purities at the QD sgrface. We limit our consideration Oy, (r.) andV,_{r},), which are calculated numerically after
spherical QDs with diameters in the range from 2 t0 6 NMget 14 |n the last term of Eql), R is the radius-vector of
because common fabrication techniquésgive nearly e impurity andx is the charge of the impurity in units ¢
spherical ZnO QDs with diameter less than 10 nm. (a=1 for a donor,a=-1 for an acceptor, and=0 when
There are only a few reports on the calculation of exCi-here s no impurity. The z axis is chosen to be parallel to
ton states in the presence of charges at the QD surface. USifga - axis of wurtzite ZnO. Therefore, we consider an impu-
the empirical pseudopotential method, Wl studied rity located on thez axis to keep the axial symmetry of the
the influence of an external charge on the electron—hole paBrobIem.
in the spherical CdSe QD. The electro_n—hole interaction in 14 calculate the exciton states we neglect the small pen-
Ref. 10 was averaged so that the exciton problem was resyation of the exciton wave function into the exterior me-
duced to two single particle problems. While this is a goodgiym and solve the Schrodinger equation with Hamiltonian
approximation for the 4-nm-diam CdSe QDs, itis not accept(y) ,sing the finite-difference methBt(a cubic grid with
able for ZnO QDs of the same size. This difference comeg,,it length of 0.05 nm has been used, which ensured the

from the fact that the exciton Bohr radius in ZnO is only 0.9 .qative error for the exciton ground state energy%). The
following parameters of ZnO from Ref. 15 have been used:
¥Electronic mail: alexb@ee.ucr.edu electron effective masm,=0.24; Rashba—Sheka—Pikus pa-
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FIG. 1. (Color online. (a) Wave functions of exciton center of mass for § 30 § 30
three ZnO quantum dots with different sizéls) Calculated exciton ground ‘f @ b ]
state energy as a function of the quantum dot radamsbient medium is 2 £
waten and experimental points from Ref.(Boxe9 and Ref. 7(triangles. % 20 % 20 ) ]
(c) Lowest exciton energy levels counted from the ground state engtgy. ] “ BT -
Exciton oscillator strength as a function of the quantum dot radius. Solid < 10L & 10f _--~ ~ ]
(dashegllines correspond tgM|=1 (M=0). +Q: -<“ . N
ok e < L
() 1.0 1.5 20 25 30 () 10 15 25 3.0

; 2.0
rametersA;—Ag of the valence band are3.78,—0.44, 3.45, R (nm) R (hm)
—1.63, —1.68, —2.23, respectively, andA;=0.47 nm?; _ _ _
crystal-field splitting energyAcr: 38 meV; and dielectric FIG. 2. (Color online. (a),(b) Wave functions of exciton center of mass for

_ . three ZnO quantum dots with different sizés),(d) Lowest energy levels of
constants=3.7. The bulk band-gap energy of wurtzite ZnO ionized impurity—exciton complexes counted from the exciton ground state

. _ 16 . . s . .
Is Eg=3.437 eV. 6A very small spin—orbit splitting, which is  energy[see Fig. W)]. (e),(f) Corresponding oscillator strengths as a func-
about 10 meV¥>*® has been neglected. tion of the quantum dot radius. Panes, (c), (¢) and(b), (d), (f) show the

The results of our calculation for an exciton confined incalculated results in the presence of an ionized donor and ionized acceptor,
spherical ZnO QD in water are shown in Fig. 1. It is Seenrespectively. Large dots show the position of the impurity. S¢didshed

. . C lines correspond tgM|=1 (M =0).

from Fig. 1(a) that the wave function of the exciton ground
state with equal electron and hole coordinates, i.e., the exci-

ton center of mass, is prolate along theaxis of wurtzite  exciton energy levels withM|=0, 1 can be optically active,
ZnO. It is also seen that the thickness of the dead fayer j e they can have a nonzero oscillator strength. Besides, the
increases with QD size. Note that the above-mentioned feasyciton energy levels wittM=0 (M=+1) are optically ac-
tures, which have a strong influence on the optical propertieg;,,o only for the polarizatiorellz(e L z). Figure Xd) shows

can be obtained only if Fhe electron-hole interaction is takerahe oscillator strengths of the exciton energy levels presented
into account exactly. Figure(l) shows calculated ground dn Fig. 1(c). Note that the oscillator strength of the first en-

state energy of confined excitons as a function pf the Q gray level withM =0 is not shown; because it is found to be
radius. As one can see, our theoretical results are in excellen . :
ero for all considered QD sizes.

agreement with experimental data reported in Refs. 3 and 7 : . . .
Analogous to Fig. 1, calculated optical properties of ion-

If we consider ZnO QDs in aife=1) instead of watel(e ed d " d ionized i i |
=1.78, the exciton ground state energy slightly increases|~€¢ ONOr=€XCIion, and ionized acCepIor—€exciton Complexes

The energy difference due to the change of the ambie i _spherical ZnO QDs are presented in Fig. 2. It is seen from

(water—air) decreases from 70 to 13 meV when the QD ig. 2a) that the dead layer is observed near the QD surface
radius increases from 1 to 3 nm for the ionized donor—exciton complex. On the contrary, Fig.
Due to the axial symmetry of the exciton problem, the2(b) sh.ows thaj[ t_hg ionized acceptor—exc!ton complex is lo-
z-componentM of the exciton angular momentum is a good cated in the vicinity of the acceptor. This means that the
quantum number. The size dependence of the four lowe&Xciton is bound to the surface-located acceptor. Unlike the
exciton energy levels withM|=0, 1 is shown in Fig. @)  &cceptor, the donor does not bind the exciton. Figu(eg 2
relative to the ground state energy, which has +1. In an and 2d) show the size dependence of the four lowest exciton
absorption spectrum, the intensity of an exciton state witfenergy levels withM|=0, 1 in the ZnO QDs with surface
energyE,,. and envelope wave functiof,{r,ry) is char-  Impurities. The energy levels are counted from the ground

acterized by the oscillator strength: state energy of the confined excitoro impuritieg. It is seen
that the absolute value of the plotted energy difference for
Ep 2 the donor—exciton complex is small and decreases with QD

f=

J Wr,ndr |, (2)  size, while this absolute value is much larger and increases
v with QD size for the acceptor—exciton complex. Such a dif-

where the Kane energy of ZnOE=28.2 eV* InEq.(2) 8 ferent behavior of the exciton energy levels is due to the fact

denotes the component of the wave function, which is activéhat the hole is much heavier than the electron, which makes

for a given polarization. In the dipole approximation, only the surface donor a shallow impurity, while the surface ac-
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ceptor a deep impurity. Therefore, excitons can be effectively 107 T T T

bound only to surface acceptors. % e U
Figures 2e) and 2f) show the oscillator strengths of the 2 10° | TN -

exciton energy levels from Figs(@ and 2d). We can see g Jotie

that for the confined excitons and ionized donor—exciton ‘5109 L 7 :

complexes there are two energy levels that have large oscil- g * %)

lator strengthgthe first level with|M|=1 and the second Ew‘“’ /D 1

level with M=0). The energy difference between the two (x)/

energy levels decreases while their oscillator strengths, 10'"10 13 20 >3 30

which are almost the same for both levels, increase with ’ ' R (nm) ' ’

increasing the QD size. On the other hand, the oscillator

Strength Of the ground state Of the |On|zed acceptor_exc|t0ﬁ|G 3. Radiative lifetime of confined excitor(solid Iine) and ionized

complex is very small and decreases with QD size Instead’mpurity—exciton complexegdotted and dashed ling$or ZnO quantum
. . dots as a function of the quantum dot radius.

the second energy level, wittM|=1, has large oscillator

strength with a maximum for a QD with the radius of aboutmpyrity—exciton complexes. It is seen that the radiative life-

2 nm. time of the confined exciton and that of the ionized donor—

Summarizing the above noted observations, one can CoRyyciton complex are almost the same; they decrease with QD
clude that the absorption edge, which is defined by the first;,o and are about an order of magnitude I¢ks R

energy level withM|=1 for the confined exciton and for the _, nm) than the bulk exciton lifetime. For the QD with
ionized donor—exciton complex and by the second energyiameter 5 nm we get the lifetime of 38 ps, in agreement
level with [M[=1 for the ionized acceptor—exciton complex, yith the conclusion of Ref. 2. On the other hand, the radia-
depends on the presence of impurities relatively weakly angye |ifetime of the ionized acceptor—exciton complex in-
it is only few tens of milli electron volts lower in energy for .~ aases with QD size very fast and it is about two orders of
the impurity—exciton complexes than it is for the Conﬁnedmagnitude largefor R~ 2 nm) than bulk exciton lifetime.
excitons. On the contrary, the position of the UV photolumi- " conclusion, we have found that, depending on the

nescence peak, which is defined by the first energy level withypication technique and ZnO QD surface quality, the origin
IM[=1 for all considered cases, is 100-200 meV lower ing¢ yy photoluminescence in ZnO QDs is either recombina-
energy for the ionized acceptor—-exciton complex than it isjon of confined excitons or surface-bound ionized acceptor—
for the confined exciton or the ionized donor—exciton coM-gyciton complexes. In the latter case the Stokes shift of the
plex. M95t7°f the fabrication techniques, e.g., wet chemical,er of 100200 meV should be observed in the photolumi-
synthes@; produge ZnO QDs, which have the position Qf nescence spectrum. We have also proposed to use the exciton
the UV photoluminescence peak close to the absorptiop,giative lifetime as a probe of the exciton localization.
edge. We can attribute the UV photoluminescence in such i ,

QDs to confined excitons. The surface of such QDs may | "€ authors acknowledge the financial and program sup-
contain donors, which only slightly affect the UV photolu- port of the Mlcrc_)electronlcs Advanced Resgarch Corporanon
minescence. Other fabrication techniques, such as the wEY/ARCO) and its Focus Center on Functional Engineered
chemical synthesis in the presence of a polymproduce Nano Architectonic§FENA). The _work was also supported
ZnO QDs, which have the UV photoluminescence peak red" part by the ONR Young Investigator Award to A.A.B. and
shifted from the absorption edge as far as a few hundreds #SF-NATO 2003 award to V.A.F.

milli electron volts. We argue that this redshift may be ,
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