APPLIED PHYSICS LETTERS 94, 241120 (2009)

Exciton-related electroluminescence from ZnO nanowire light-emitting

diodes

Mariano A. Zimmler,' Tobias Voss,? Carsten Ronning,® and Federico Capasso'?

)

'School of Engineering and Applied Sciences, Harvard University, 9 Oxford Street, Cambridge,

Massachusetts 02138, USA

*Institute of Solid State Physics, University of Bremen, P.O. Box 330 440, D-28334 Bremen, Germany
3Institute of Solid State Physics, University of Jena, 07743 Jena, Germany

(Received 8 May 2009; accepted 29 May 2009; published online 19 June 2009)

The authors study the microscopic origin of the electroluminescence from zinc oxide (ZnO)
nanowire light-emitting diodes (LEDs) fabricated on a heavily doped p-type silicon (p-Si) substrate.
By comparing the low-temperature photoluminescence and electroluminescence of a single
nanowire LED, bound- and free-exciton related recombination processes, together with their
longitudinal-optical phonon replicas, can be identified as the origin of both electroluminescence and
photoluminescence. © 2009 American Institute of Physics. [DOL: 10.1063/1.3157274]

Semiconductor nanowires offer interesting possibilities
in the area of photonics.l_9 Nanowires are naturally aniso-
tropic structures which, given certain dimensional con-
straints, can support waveguide modes and even lasing.8 An
even more intriguing prospect is that of combining widely
different semiconductor materials, such as direct band-gap
materials and silicon, without the need for wafer bonding
technology.lo_12 In particular, we have recently demonstrated
the fabrication of nanowire light-emitting diodes (LEDs) on
a heavily-doped p-type silicon (p-Si) substrate, using nano-
wires of the wide-band-gap semiconductor zinc oxide (ZnO).
Zn0O is a material well suited for the development of ultra-
violet (UV) optoelectronic devices" due to its large exciton
binding energy.l4 Using high-temperature vapor-liquid-solid
growth techniques, nontoxic and relatively inexpensive
routes for the fabrication of high-quality ZnO nanowires
have been demonstrated in recent years.15 These ZnO nano-
wires have been shown to exhibit carrier densities of about
N=10"7 cm™ at room temperature and distinct bound
exciton-related photoluminescence (PL) emission lines at
liquid-helium temperatures.m’l7 Despite this, the evidence of
excitonic recombination in electroluminescent ZnO devices
has been indirect, and inferred from a peak emission energy
smaller than what one would expect for band-to-band
recombination.'>®~*!

The main drawback of the ZnO material system is the
lack of reproducible, stable, high-quality p-type doping with
a reasonable concentration, which is required for most opto-
electronic applications.13 In our recent demonstration, the
heterojunction is formed between the n-ZnO nanowire and a
p-Si substrate.'? If the p-Si native oxide is not removed be-
fore the fabrication of the nanowire devices, it acts as a tun-
nel barrier between the two semiconductors.'®!" With an ap-
plied external bias, holes can tunnel from the valence band of
the p-Si into the valence band of the ZnO nanowire. For such
devices, UV electroluminescence (EL) has been observed at
room temperature with the output intensity showing an al-
most linear dependence on the current flowing through the
nanowire LED. In this paper, we study the microscopic pro-
cesses that are involved in the radiative recombination of
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electrons and holes in n-ZnO/p-Si nanowire LEDs.

Details about the synthesis of the ZnO nanowires have
been presented elsewhere.'® In short, single crystalline ZnO
nanowires were synthesized by a vapor-liquid-solid growth
technique in a horizontal tube furnace at temperatures be-
tween 1000 and 1350 °C. The as-grown wires are typically
10-30 um long and 100-350 nm in diameter. The nanowire
LEDs were fabricated with a method similar to that de-
scribed in Ref. 12 (the differences are described below). Af-
ter growth, the nanowires were dispersed onto a heavily
doped p-type silicon substrate (~10'> cm™) covered with a
native layer of SiO,. An 80 nm thick film of hydrogen sils-
esquioxane (HSQ, also known as spin-on glass, obtained as
FOx-12 from Dow Corning) was then spun onto the sub-
strate, resulting in a film profile in which the HSQ film is
thinner on top of the nanowires than in the spaces between
them. After cross-linking the HSQ with an electron beam
writer (we use a dose of 300 ,uC/cmz), the film was thinned
down by ~35 nm by reactive ion etching, which results in
the top surfaces of the nanowires being exposed but not the
silicon substrate. Finally, Ti(10 nm)/Au(100 nm) contacts
were deposited with an electron beam evaporator. The sche-
matics of the nanowire LEDs are shown in Fig. 1.

The samples were mounted inside a helium flow cryostat
equipped with a temperature controller and an optical port.
The external voltage was applied between the top metallic

top metallic

a. K :
n-ZnO nanowire contact

spin-on glass

heavily
doped p-Si

b.

FIG. 1. (Color online) Schematics of the n-ZnO/p-Si nanowire LEDs. (a)
Top view, (b) cross-sectional view.
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FIG. 2. PL and EL spectra of a ZnO nanowire LED recorded at 6 K. The PL
was measured under excitation with a HeCd laser (325 nm), while for the
EL a bias of 6 V (50 uA current) was applied. The main emission lines are
assigned to the neutral donor-bound exciton (D°X) and the FX as well as
their LO phonon replicas (1 LO and 2 LO).

contact and the silicon substrate with a Keithey 2400 source/
meter. The EL and PL were collected with a 36X reflective
microscope objective with an aluminum coating (to optimize
UV transmission) coupled to a 1/4 m spectrometer (150 lines
mm~' grating) and a thermoelectrically cooled charge
coupled device camera (InstaSpec IV 78437 open electrode).
For the PL measurements, the nanowires were excited with a
HeCd laser (325 nm; cw) that was focused onto a single
nanowire device through the same objective.

PL and EL spectra of a single-nanowire LED, being rep-
resentative of the majority of fabricated devices, are shown
in Fig. 2 on a logarithmic intensity scale for the near-band-
edge region. The spectra reveal clear and distinct exciton-
related emission lines where in both cases neutral donor-
bound exciton (D’X) recombination processes dominate the
emission at 6 K. This is typically observed in the PL spectra
for single crystalline ZnO nanowires that possess donor den-
sities on the order of 10!” cm™ as the nanowires used in this
work.'®1722 At low temperatures, emission from free exci-
tons (FX) is only visible as a shoulder on the high energy
side of the dominating DX emission line because, with their
low thermal energy, most excitons are trapped at the sites of
the shallow donors. Other emission lines on the low energy
side of the main DX band are known to be related to struc-
tural defects or to the longitudinal og)tical (LO) phonon rep-
licas of the free and bound excitons.”*** Both the PL and EL
spectra also show an additional emission band on the high-
energy side of the FX emission. In the PL spectrum, this
band is centered at around 3.42 eV. In the EL spectrum,
however, it is centered at around 3.44 eV and also exhibits a
multipeak structure. For excitonic emission in ZnO, two dif-
ferent processes can be responsible for these emission bands:
the multipeak structure at around 3.44 eV in the EL spectrum
suggests emission from excited exciton states (n=2), which
can have contributions from the A, B and C excitons.>* On
the other hand, the emission at 3.42 eV in the PL spectrum
can be attributed to the radiative recombination of the C
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FIG. 3. PL and EL spectra of a ZnO nanowire LED recorded at temperatures
between 100 and 200 K. The main emission lines are assigned to the FX and
its LO phonon replica (1 LO, 2 LO, and 3 LO).

exciton in its ground state.”* The C exciton emission is only
allowed for electric fields parallel to the c-axis of ZnO" and
therefore can be expected to contribute to the PL spectrum of
our dispersed nanowires more strongly than to the EL spec-
trum.

In general, the PL and EL spectra present similar struc-
ture, with the EL spectrum shifted to lower energies by about
12 meV and also exhibiting slightly broader emission lines,
as determined by the full width at half maximum (FWHM).
In particular, the main D°X band has a FWHM of 4 meV in
the PL spectrum and 7 meV in the EL spectrum. This differ-
ence may be accounted for by a higher local temperature for
the EL due to electrical heating, which can be supported by
two separate arguments. The 12 meV redshift in the EL spec-
trum corresponds to a temperature increase of about
50+30 K (Ref. 25), assuming a purely thermal effect. In
addition, the relative intensities of the FX shoulder and the
main D°X band are different: in the PL spectrum, we find a
ratio of Izx/Ipox=0.03, while in the EL spectrum, the ratio is
Iex/Ipox=0.39, i.e., in EL a significantly higher fraction of
excitons is thermally activated from the donor localization
centers. More specifically, by measuring the PL spectrum of
a nanowire and calculating the ratio /gx/Ipox as a function of
temperature, we find that Igy/Ipox=0.39 corresponds to a
temperature of approximately 60 K. Thus, we conclude that
the local temperature in our LED, placed on a substrate at
10 K, can be increased by approximately 50 K under a 6V,
50 pA (300 uW) bias.

The PL and EL spectra of the single nanowire LED at
higher temperatures reveal a continuous increase of the in-
tensities of the FX lines together with their LO phonon rep-
lica, as can be seen from the results shown in Fig. 3. The
general redshift of the spectra with increasing temperature
can be ascribed to the temperature dependence of the ZnO
band-gap.25 In addition, the PL emission at temperatures
above 150 K is clearly dominated by the FX emission. At
200 K and above, the FX band merges with its LO phonon
replica, resulting in an asymmetric shape of the PL emission.
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In contrast, in the EL spectra at 7> 150 K the FX band
shows a comparable intensity with its 1 LO side band which
is distinctly more pronounced than in the PL spectra. This
results in a slight redshift of the overall EL emission band at
200 K when compared to the PL emission taken at the nomi-
nally same temperature. The difference between the PL and
EL spectra is most likely due to the current flowing through
the nanowire LED, which we expect to cause greater heating
compared to the PL measurements, as already observed for
T=6 K. Still, our results clearly demonstrate that the EL
from n-ZnO/p-Si nanowire LED stems from excitonic re-
combination processes.

In summary, at 7=6 K, DX emission dominates the
EL, whereas at temperatures above 150 K, the FX, together
with its LO phonon replica, are responsible for light
emission.!” In conclusion, we have studied the microscopic
origin of EL from ZnO nanowire LEDs. We have found clear
evidence for exciton-related emission processes that domi-
nate the near band-edge emission of the nanowire LED at
temperatures between 6 and 200 K. At low temperatures,
donor bound exciton-related emission lines are observed
both in PL and EL. We conclude that the nanowire is heated
by about 50 K during the electrical operation with 300 uW
of electrical power. Still, due to the relatively large binding
energies of the exciton complexes in ZnO, efficient excitonic
recombination processes persist. At higher temperatures, the
FX emission together, with its first LO phonon replica, domi-
nated the EL emission spectrum. Our results demonstrate that
n-ZnO/p-Si nanowire LED operate with efficient excitonic
recombination processes and should provide high internal
quantum efficiencies leaving the tunnel injection of holes
into the nanowires as the main limiting factor.

The authors acknowledge the detailed and helpful com-
ments of an anonymous reviewer. This work was supported
by the National Science Foundation Nanoscale Science and
Engineering Center (NSEC) under Contract No. NSF/PHY
06-46094 and by the German Research Foundation through
Grant Nos. VO1265/3, VO1265/4-1,2, and Rol198/7-1,2.
The support of the Center for Nanoscale Systems (CNS)
at Harvard University is also gratefully acknowledged.
Harvard-CNS is a member of the National Nanotechnology
Infrastructure Network (NNIN).

Appl. Phys. Lett. 94, 241120 (2009)

.M. Bao, M. A. Zimmler, F. Capasso, X. W. Wang, and Z. F. Ren, Nano
Lett. 6, 1719 (2006).

20. Hayden, R. Agarwal, and C. M. Lieber, Nature Mater. 5, 352 (2006).

' Nakayama, P. J. Pauzauskie, A. Radenovic, R. M. Onorato, R. J.
Saykally, J. Liphardt, and P. D. Yang, Nature (London) 447, 1098 (2007).

‘R Qian, S. Gradecak, Y. Li, C. Y. Wen, and C. M. Lieber, Nano Lett. 5,
2287 (2005).

D. J. Sirbuly, A. Tao, M. Law, R. Fan, and P. Yang, Adv. Mater. (Wein-
heim, Ger,) 19, 61 (2007).

°B. Tian, X. Zheng, T. J. Kempa, Y. Fang, N. Yu, G. Yu, J. Huang, and C.
M. Lieber, Nature (London) 449, 885 (2007).

"H. Zhou, M. Wissinger, J. Fallert, R. Hauschild, F. Stelzl, C. Klingshirn,
and H. Kalt, Appl. Phys. Lett. 91, 181112 (2007).

SM. A. Zimmler, J. Bao, F. Capasso, S. Miiller, and C. Ronning, Appl.
Phys. Lett. 93, 051101 (2008).

T, Voss, G. T. Svacha, E. Mazur, S. Muller, C. Ronning, D. Konjhodzic,
and F. Marlow, Nano Lett. 7, 3675 (2007).

M. AL Zimmler, J. Bao, I. Shalish, W. Yi, V. Narayanamurti, and F. Ca-
passo, Nanotechnology 18, 395201 (2007).

M. A. Zimmler, J. M. Bao, 1. Shalish, W. Yi, J. Yoon, V. Narayanamurti,
and F. Capasso, Nanotechnology 18, 235205 (2007).

M. A. Zimmler, D. Stichtenoth, C. Ronning, W. Yi, V. Narayanamurti, T.
Voss, and F. Capasso, Nano Lett. 8, 1695 (2008).

13C. Klingshirn, ChemPhysChem 8, 782 (2007).

e, Klingshirn, R. Hauschild, J. Fallert, and H. Kalt, Phys. Rev. B 75,
115203 (2007).

c. Borchers, S. Miiller, D. Stichtenoth, D. Schwen, and C. Ronning, J.
Phys. Chem. B 110, 1656 (2006).

1%p_c. Chang, C.-J. Chien, D. Stichtenoth, C. Ronning, and J. G. Lu, Appl.
Phys. Lett. 90, 113101 (2007).

T, Voss, C. Bekeny, L. Wischmeier, H. Gafsi, S. Borner, W. Schade, A. C.
Mofor, A. Bakin, and A. Waag, Appl. Phys. Lett. 89, 182107 (2006).

3H. Sun, Q. F. Zhang, and J. L. Wu, Nanotechnology 17, 2271 (2006).

"W. Q. Yang, H. B. Huo, L. Dai, R. M. Ma, S. F. Liu, G. Z. Ran, B. Shen,
C. L. Lin, and G. G. Qin, Nanotechnology 17, 4868 (2006).

2R, Konenkamp, C. W. Robert, and C. Schlegel, Appl. Phys. Lett. 85, 6004
(2004).

2R, Konenkamp, R. C. Word, and M. Godinez, Nano Lett. 5, 2005 (2005).

2B, K. Meyer H. Alves, D. M. Hofmann, W. Kriegseis, D. Forster, F.
Bertram, J. Christen, A. Hoffmann, M. Stralburg, M. Dworzak, U. Habo-
eck, and A. V. Rodina, Phys. Status Solidi B 241, 231 (2004).

BM. Schirra, R. Schneider, A. Reiser, G. M. Prinz, M. Feneberg, J. Bisku-
pek, U. Kaiser, C. E. Krill, K. Thonke, and R. Sauer, Phys. Rev. B 77,
125215 (2008).

24LS’emiconductors, Group III: Condensed Matter, Landolt-Bornstein, Vols.
1I/17b and 22a, edited by U. Rossler (Springer, Berlin, 1999).

»R. Hauschild, H. Priller, M. Decker, J. Briickner, H. Kalt, and C. Kling-
shirn, Phys. Status Solidi C 3, 976 (2006).

Downloaded 05 Jul 2009 to 128.103.149.52. Redistribution subject to AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp


http://dx.doi.org/10.1021/nl061080t
http://dx.doi.org/10.1021/nl061080t
http://dx.doi.org/10.1038/nmat1635
http://dx.doi.org/10.1038/nature05921
http://dx.doi.org/10.1021/nl051689e
http://dx.doi.org/10.1002/adma.200601995
http://dx.doi.org/10.1002/adma.200601995
http://dx.doi.org/10.1038/nature06181
http://dx.doi.org/10.1063/1.2805073
http://dx.doi.org/10.1063/1.2965797
http://dx.doi.org/10.1063/1.2965797
http://dx.doi.org/10.1021/nl071958w
http://dx.doi.org/10.1088/0957-4484/18/39/395201
http://dx.doi.org/10.1088/0957-4484/18/23/235205
http://dx.doi.org/10.1021/nl080627w
http://dx.doi.org/10.1002/cphc.200700002
http://dx.doi.org/10.1103/PhysRevB.75.115203
http://dx.doi.org/10.1021/jp054476m
http://dx.doi.org/10.1021/jp054476m
http://dx.doi.org/10.1063/1.2712507
http://dx.doi.org/10.1063/1.2712507
http://dx.doi.org/10.1063/1.2364146
http://dx.doi.org/10.1088/0957-4484/17/9/033
http://dx.doi.org/10.1088/0957-4484/17/19/015
http://dx.doi.org/10.1063/1.1836873
http://dx.doi.org/10.1021/nl051501r
http://dx.doi.org/10.1002/pssb.200301962
http://dx.doi.org/10.1103/PhysRevB.77.125215
http://dx.doi.org/10.1002/pssc.200564643

