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We study the ultrafast quasiparticle dynamics in and below the ZnO conduction band using femtosecond
time-resolved two-photon photoelectron spectroscopy. Above band gap excitation causes hot electron
relaxation by electron-phonon scattering down to the Fermi level E. followed by ultrafast (200 fs)
formation of a surface exciton (SX). Transient screening of the Coulomb interaction reduces the SX
formation probability at high excitation densities near the Mott limit. Located just below the surface, the SX
are stable with regard to hydrogen-induced work function modifications and thus the ideal prerequisite for

resonant energy transfer applications.
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The technological importance of zinc oxide (ZnO)
originates from its large direct band gap (~3.4 eV) and
high bulk exciton binding energy (60 meV) [1], which make
it a promising candidate for optoelectronic applications,
using ZnO nanoparticles [2—4], epilayers [4], and hybrid
organic-inorganic systems [3,5,6]. In this context, the
optical and electronic properties of ZnO surfaces naturally
play a significant role with regard to electronic and excitonic
coupling with other materials, e.g., organic dye molecules.
As dipole-dipole coupling is highly distance dependent [7],
the rates for Forster resonance energy transfer (FRET)
between different materials depend strongly on the presence
of exciton dead layers at the surface [8—10] or, on the
contrary, the existence of surface excitons. The latter are a
dominant species in photoluminescence (PL) studies of
different types of ZnO nanostructures due to the comparably
large surface-to-bulk ratio [2,3,11,12]. Despite the great
scientific attention, detailed understanding of this techno-
logically highly important species is still missing, as the
systematic modification and characterization of nanoparticle
surfaces is very challenging. Because of the lack of surface
sensitivity of optical probes and PL, SX could only once be
identified at a ZnO single crystal surface [13]. However, as
the sample had been exposed to air, the surface condition was
rather undefined. Neither observation nor systematic char-
acterization of SX under ultrahigh vacuum (UHV) condi-
tions, which provide reproducible surfaces at the nanoscale
level [1,14], is known to date, and thus the origin and
character of this very relevant species remains vague.

In this Letter, we use femtosecond (fs) time-resolved two-
photon photoelectron (2PPE) spectroscopy to investigate the
ultrafast carrier and exciton dynamics at the single crystal
ZnO(1010) surface under well-defined UHV conditions.
Because of the intrinsic surface sensitivity of this technique
we are able to observe the ultrafast relaxation of hot electrons
in the conduction band and the subsequent formation of
an excitonic state near the surface on subpicosecond time
scales. High excitation densities near the Mott limit enhance
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the screening of the electron-hole (e-#) Coulomb interaction
and thus reduce the formation probability of this state.
Remarkably, even strong modification of the (static) surface
charge density by hydrogen termination does nof change the
population dynamics of the SX, strongly suggesting that the
exciton is localized in the subsurface region. This adjacence
of the exciton to the surface (1-2 nm) combined with its
stability with respect to surface modification demonstrates
its direct relevance for applications of ZnO involving
resonant energy transfer.

Figure 1(a) depicts the principle of time-resolved 2PPE
spectroscopy. A first laser pulse initiates nonequilibrium
dynamics by excitation of electrons from the valence band
(VB) into normally unoccupied states in the conduction
band (CB). A second laser pulse subsequently photoemits
the excited electron population. The temporal evolution is
monitored by variation of the time delay between pump and
probe pulse [15]. The photoelectrons were detected using a
hemispherical electron energy analyzer (PHOIBOS 100)
held at a fixed bias voltage (1.5 V) with respect to the
sample. Photoelectron (PE) spectra are referenced to the,
in situ measured, tantalum sample holder Fermi energy E,
which was in electrical contact with the sample surface.

We investigated three different hydrothermally grown
ZnO single crystals (Mateck) and found no quantitative
differences. Their nonpolar, mixed-terminated (1010) sur-
faces were prepared by Art sputtering and annealing
cycles (T .x = 850 K) under UHV conditions (pp,. =
1 x 107'9 mbar). The VB maximum remains unchanged at
E — Er = —3.18(6) eV for different types of preparations
using oxygen background pressures up to 10~® mbar (not
shown). Neither charging, nor surface photovoltage effects
have been observed [16]. Unless otherwise stated, experi-
ments were performed at 7 = 100 K. Incident fluences
between 10 and 35 pJ/cm? translate to maximum excita-
tion densities of 1.45-5.22 x 10'8 cm™3, which is below or
close to the Mott limit [17]. Hydrogen termination of the
surface was achieved by background dosing of H, [18].
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FIG. 1 (color online). (a) 2PPE principle and relevant proc-
esses. Photoexcited (hvpump) electrons relax by electron-phonon
scattering (1) and exciton formation (2), which is probed by a
time-delayed laser pulse (Avpgpe) in photoemission. (b) Exem-
plary photoelectron spectrum of the hydrogen-terminated ZnO
surface (black). The low-energy cutoff ESE = & — hujgp, is a
measure of the work function; the intensity below E. results from
the CAL at the surface. Above band gap excitation leads to
additional 2PPE intensity around E (blue). Subtraction of the
equilibrium background signal yields the pump-induced spec-
trum (purple). (c) Impact of hydrogen termination on sample
work function and CAL intensity.

Exposure of a semiconductor surface to an electron donor
(like hydrogen) can lead to downward surface band bending
(SBB). In the case of the intrinsically n-doped ZnO, this leads
to the formation of a few 10 A thick charge accumulation
layers (CAL) at the (1010) surface [19-21] with a maximum
surface charge density of 10'> cm™2 [22]. We monitor the
CAL formation by (1) the occurrence of photoelectron
intensity directly below Ep as shown in Fig. 1(b) and
(2) by a reduction of the sample work function that is
correlated with the surface band bending as sketched in
Fig. 1(a). Figure 1(c) shows that increasing H, exposure
leads, in agreement with literature [22], to an increasing CAL
intensity (blue curve) [23], which is accompanied by a work
function decrease that saturates at A®,,,, = —0.6 eV. This
change of the surface dipole is a result of the electron donor
character of the hydrogen, leaving the positively charged ion
at the surface. Directly after preparation of a pristine ZnO
surface, a slight but continuous increase of CAL intensity

going along with a work function reduction of several
10 meV is always observed due to the inevitable H, back-
ground even in a UHV environment (< 0.1 L/h). In order to
stabilize the PE signal and to reduce the work function, we
exposed the sample (unless otherwise stated) to 6 L of H,
before experiments, which corresponds, based on Ref. [22],
to a charge density in the CAL on the order of 10'® cm™3 and
a termination of surface oxygen of only a few percent.

Figure 2(a) shows the photoinduced 2PPE intensity,
i.e., after subtraction of the equilibrium background
[cf. Fig. 1(b)], in false colors as a function of pump-probe
delay and energy with respect to E. Photoexcitation below
the Mott limit (max. excitation density 1.45 x 10'® cm™?)
launches fast dynamics at high energies that significantly
slow down for E — Er < 0.2 eV. Note that experiments at
even lower excitation densities expose qualitatively similar
dynamics (not shown) [24]. Exemplary cross correlation
(XC) traces are depicted in Fig. 2(b) (circles), which can be
fitted (solid lines) using bi-exponential decays convolved
with the laser pulses’ cross correlation (dashed). The fast
time constant of this empirical fit can be related to the hot
electron relaxation time at the respective energy. We
performed similar experiments for temperatures between
50 and 300 K, the results of which are presented in
Fig. 2(c). In agreement with previous 2PPE autocorrelation
measurements [25] and theoretical work [26], we find
extremely fast electron relaxation for carriers above the
bulk conduction band minimum (CBM) [z = 20-40 fs,
gray shaded area in Fig. 2(c)]. These fast relaxation times
compared to hot electrons in metals [27] can be explained
by the reduced screening in the semiconductor. They result
from scattering with optical phonons and are therefore
independent of temperature in the investigated region
(kgT < 26 meV). Theory [26] predicts a slowing down
of the electron relaxation in the bulk when approaching the
CBM [dashed line in Fig. 2(c)], because fewer efficient
scattering channels require more scattering events for the
same energy loss. In the present experiment, at the
ZnO(1010) surface, such a “phonon bottleneck” does
not occur, as the downward surface band bending provides
density of states (DOS) down to E [see inset in Fig. 2(c)].

The dynamics below Ep differ significantly from the
ones above. Integration of the 2PPE intensity yields the
diamond-shaped markers in Fig. 2(b). They display an
initial drop of intensity, which is due to bleaching of the
CAL by hvpymp, followed by a rise up to a constant positive
value. Notably, this delayed increase of pump-induced
2PPE intensity occurs below Ep, i.e., below the energy
which defines the highest occupied electronic state in
equilibrium. Consequently, /vy, must create additional
states below E leading to an increased 2PPE signal. Such
photoinduced creation of states could be caused by (i) small
polaron formation, (ii) photoinduced changes of the surface
electronic structure like surface photovoltage shifts, band
gap renormalization, or heating or bleaching of the CAL, or
(ii1) exciton formation.

057602-2



PRL 113, 057602 (2014) PHYSICAL

REVIEW LETTERS

week ending
1 AUGUST 2014

6 L H,/ZnO(1070) hv,,.,
T=100 K hv

=4.63eV

probe

E - E. (eV)
norm. XC intensity (arb. units)

08 12 16 20
pump-probe delay (ps)

24 28

FIG. 2 (color online).
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(a) Ultrafast electron dynamics at the ZnO surface below the Mott limit as probed by 2PPE spectroscopy. False

colors represent photoelectrons created or depleted by /v, Hot carriers in the CB relax on fs time scales by optical phonon emission.
After a few 100 fs, additional electrons are verified below E, indicating that the surface exciton has formed. The signal at negative
delays and energies results from photoelectrons with reversed excitation scheme (pumped by 4.6 eV and probed by 4.2 eV) and are a
replica of the above dynamics shifted to 0.4 eV lower final state energies and evolving towards negative delays. (b) Pump and probe XC
traces at indicated energies above (hot electrons) and below E (exciton) and the corresponding double exponential fits to the data (solid
lines). The instrument response function is represented by the dashed curve. (c) Temperature dependence of the hot electron relaxation

time and scheme of the different relaxation channels.

It is well known that lattice distortions stabilize the ZnO
exciton and lead to its large binding energy of 60 meV [28].
The formation of separate polarons of electron and hole is
thus unlikely. Also, no experimental evidence of small
polaron formation was found by recent time-resolved THz
spectroscopy studies of ZnO [29], excluding scenario
(1). We tested the validity of (ii) and (iii) by a variation
of the excitation density. While, in the case of (ii), photo-
induced changes of the SBB and occupational changes due
to laser heating should become stronger with increasing
pump fluence, (iii) the probability of exciton formation
should be independent of excitation density below the
Mott limit, i.e., the density at which the screening of the
Coulomb interaction sets in [see inset in Fig. 3(a)]. For
stronger excitation the Coulomb interaction of the e-/ pairs
is reduced by the photoexcited e-h plasma and thus the
exciton formation probability diminishes.

Figure 3(a) compares 2PPE spectra of two different
excitation densities near the Mott limit of ZnO at different
time delays. While the overall dynamics do not change, the
intensity of the spectral signature at E is reduced by the
increase of the excitation density. This observation unam-
biguously shows that (ii) photoinduced changes of SBB
and CAL density cannot be the cause of the observed peak.
On the contrary, the decreased intensity matches the
expectations (iii) for an exciton whose formation proba-
bility is reduced by screening of the e-/ interaction. As all
of these processes must happen in the surface region [30],
we conclude that the photoinduced intensity below E
results from near surface-bound excitons (SX) with a
binding energy with respect to the bulk conduction band
minimum of 250 meV. It should be noted that, in the SBB
picture, the local binding energy relative to the local CBM
is probably smaller [cf. inset of Fig. 2(c), dotted curve]. The

continuous evolution of the SX signature from the hot
electron distribution is a direct consequence of the off-
resonant excitation leading to carriers that relax to the band
edges. The formation of SX occurs at least as fast as the
observed rise time of PE intensity below Ep of 200 fs,
however, these excitons are in a highly excited “hot” state
that relaxes to the ground state on longer time scales [31].
Due to the limited energy resolution (45 meV) and because
PES averages over the energy distribution in the SBB
region, the spectral signatures of electron and exciton blend
smoothly into each other [32]. As the electron of the SX
energetically lies below the Fermi level, nonradiative decay
of this excitation is strongly suppressed: Dissociation of
the exciton and separation of electron and hole in defect
states within the band gap usually is a prominent non-
radiative decay channel for excitons. It cannot occur
here, as most possible final states for the electron lie below
Er and are therefore occupied. The decay of the SX
population can thus only happen through e-h pair recom-
bination going along with luminescence or Auger-type
processes, which results in the high stability of this excited
state [33].

In order to test the stability of the SX, we modified the
surface electronic properties by variation of the hydrogen
termination. As mentioned above, this leads to a reduction
of the sample work function by hundreds of meV and
concurrent formation of a CAL at the surface. Such strong
modification of the surface electronic structure should
severely affect the formation probability of the SX if it
was localized in the vacuum in front of the surface (through
the modified ionization potential leading to spectral
shifts) or in the first double layer (through the screening
of the Coulomb interaction by the charge density in the
CAL leading to a reduction of the SX intensity with
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FIG. 3 (color online). 2PPE spectra for (a) different excitation
densities and (b) hydrogen terminations after background sub-
traction and normalized to the hot electron intensity at high
energies (0.4-0.6 eV) in order to compare changes relative to the
single particle excitation density. (a) Stronger excitation reduces
the SX formation probability due to screening of the Coulomb
interaction as illustrated in the insets. (b) The SX intensity does
not decrease with increasing H, termination showing localization
in the subsurface region as illustrated by the inset.

increasing termination). As shown in Fig. 3(b), none of
these effects occur when increasing the H, exposure
from 3 to 44 L (AP, = —250 meV). We thus conclude
that the SX is localized in the subsurface region where
additional static screening of the Coulomb interaction does
not occur. On the contrary, increasing the hydrogen
exposure by more than a factor of 10 leads to a comparably
weak increase of the SX intensity and a weak shift to
higher energies. This observation could be explained by
SX localized close to hydrogen binding sites where the
downward SBB is strongest and a denser CAL with
increasing termination that could give the SX Mahan
exciton character (see, e.g., [34]), i.e., the energetic
stabilization of the CAL due to a localized hole in
the VB.

In summary, we present a systematic investigation of the
ultrafast electron and exciton dynamics at the ZnO(1010)
surface, showing the formation of a subsurface-bound
exciton on fs time scales that exhibits a very large binding
energy with respect to the bulk conduction band, resulting
in a remarkable stability of this feature. The study thus
offers a complete and novel picture of the quasiparticle
relaxation at this surface. The existence of a subsurface
exciton which is stable with regard to surface modifica-
tions is of high relevance for applications of ZnO, e.g.,
involving FRET. The SX may dominate the dipole-dipole
coupling across functional interfaces due to its adjacence
to the surface, and it may even persist under non-UHV
conditions.
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