Ultrafast generation and decay of a surface metal
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Band bending (BB) at semiconductor surfaces or interfaces plays a pivotal role in technology, ranging
from field effect transistors! to nanoscale devices for quantum technologies?. The control of BB via
chemical doping or electric fields can create metallic surfaces with properties not found in the bulk,
such as high electron mobility, magnetism or superconductivity®*. Optical generation of metallic
surfaces via BB on ultrafast timescales would facilitate a drastic manipulation of the conduction,
magnetic and optical properties of semiconductors for novel high-speed electronics. Here, we
demonstrate the ultrafast (20 fs) generation of a metal at the (10-10) surface of ZnO upon
photoexcitation. This semiconductor is widely used in optoelectronics due to its transparency for
visible light and its ease of nanostructuring®®. Compared to hitherto known ultrafast photoinduced
semiconductor-to-metal transitions (SMTs) that occur in the bulk of inorganic semiconductors’, the
SMT at the ZnO surface is launched by 3-4 orders of magnitude lower photon fluxes; also, the back-
transition to the semiconducting state is at least one order of magnitude faster than in previous
studies of other materials®. Using time- and angle-resolved photoelectron spectroscopy, we show
that the SMT is caused by photoinduced downward surface BB due to photodepletion of deep
surface defects. The resulting positive surface charges pull the conduction band below the
equilibrium Fermi level, similar to chemical doping. The discovered mechanism is not material-
specific and presents a general route for controlling metallicity confined to semiconductor interfaces
on ultrafast timescales.

When the doping density of shallow donors is increased above a critical value in a semiconductor, the
excess electrons, originally localized in hydrogenic potentials at impurity sites, delocalize and form a
metallic band®. Remarkably, this Mott or Mott-Anderson transition happens already at low doping
densities, for example at parts per 10* atoms in phosphorous-doped silicon®. SMTs also occur in two-
dimensions at semiconductor surfaces leading to the formation of two-dimensional electron gases
(2DEGs)™. In the case of oxide surfaces, this is often caused by surface doping with shallow donor
defects such as oxygen vacancies!'? or adsorbates as, for instance, hydrogen®!*. The positively
charged impurity sites modify the surface potential, causing downward BB of the conduction and
valence band (CB and VB, respectively) towards the surface. As the CB bends below the equilibrium

Fermi level E, it becomes partially filled and a 2DEG forms.
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Beyond chemical doping, metal-like properties of semiconductors can also be generated by optical
excitation. At low photoexcitation densities the optical and electronic response of semiconductors is
dominated by non-interacting free carriers and excitons. In contrast, strong photoexcitation can lead
to metal-like behavior by three different mechanisms:

1. At a critical excitation fluence the so-called exciton Mott transition occurs, above which an
electron-hole plasma forms with quasi-Fermi levels in the CB and VB¢, In this case, the
material may exhibit metal-like optical properties and conductivities; however, as there is no
density of states around the equilibrium Fermi level E¢, no true SMT has occurred.

2. Areal SMT can be achieved by photoinduced changes to the electronic band structure for
instance due to strong carrier-lattice or carrier-carrier interactions that change the screening
of the Coulomb interaction”!"8, Yet, in the case of inorganic semiconductors, strong laser
excitation (mJ/cm?) is necessary to drive such photoinduced phase transition (PIPT), as in the
famous room temperature PIPT in vanadium dioxide!®-?2, Due to the high energy uptake, the
SMT usually becomes thermally stabilized, and the recovery of the equilibrium phase is limited
by thermal dissipation processes of nanosecond duration?®,

3. Analogous to chemical doping, the band structure can also be optically manipulated by
photodoping?-2°. One photodoping mechanism is the photoexcitation of deep donors, which
creates electron-hole pairs bound in hydrogenic potentials, exhibiting properties similar to the
shallow donors discussed above?. When their density is enhanced, metallicity can be
achieved?’. This transition can be metastable and lead to persistent photoconductivity, as
observed in various semiconductors®”?8, Amongst them is the wide band gap (3.4 eV),
intrinsically n-doped (Er ca. 0.2 eV below the CB) semiconductor ZnO, which has a variety of
native deep donor defects leading to a broad photoluminescence signal below the
fundamental band gap energy?®®. However, an ultrafast PIPT due to photodoping by
depopulation of deep donor defects has not yet been demonstrated neither in the bulk nor at
the surface of a semiconductor.

In this article, we unveil an ultrafast photoinduced SMT confined to the surface of ZnO using extremely
low excitation fluences with sub-ns decay and feasible up to at least 256 K. This dramatic effect is
enabled by photodoping of the surface: depopulation of deeply bound in-gap (defect) states induces
transient downward surface BB. Above a threshold fluence of only 13.6 puJ/cm?, the photoexcited
electrons delocalize in a non-equilibrium state that shows all defining footprints of a metal: Density of
states around the equilibrium Fermi energy Er resulting from a partially filled dispersive band and an
electron distribution following Fermi-Dirac statistics that thermalizes with the lattice within 200 fs. We
track the PIPT in the time domain by monitoring the photodoped electron density, the nearly-free

electron mass of the surface electrons, and the energy shift of the VB. Generation and decay of the
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surface metal occur on the timescales of electronic screening and electron-hole recombination,
respectively. The carrier density of the surface metal shows the same build-up and decay dynamics as
the downward shift of the VB that occurs upon positive charging of the surface by photoexcitation.
Remarkably, this is the first demonstration of a photoinduced SMT confined to the surface of a
semiconductor and the mechanism does not require photoinduced changes to the band structure
beyond surface BB; a sufficiently large number of deep donor levels should enable similar effects at
the surfaces of many n-doped semiconductors.

To probe the PIPT, we use time- and angle-resolved photoemission spectroscopy (trARPES) and a ZnO
sample of (10-10) orientation cleaned in ultrahigh vacuum (cf. Methods). We excite the sample
resonantly with the band gap (hvpump = 3.43 eV) and use time-delayed (At) probe pulses with
hvprone = 6.3 €V, photoemitting electrons from the transiently occupied CB (energy level diagram in
Fig. 1a). Fig. 1b shows the photoemission (PE) intensity, which is proportional to the density of
occupied electronic states, versus At and energy with respect to Er for a pump laser fluence above the
threshold for the SMT. The sample exhibits a large photoresponse below the equilibrium Eg, which
persists for several hundred ps. A video of the angle-resolved spectra as a function of At gives an
impression of the process (available as supplemental material). The angular distribution of the pump-
induced change, averaged from 4-8 ps, is shown in Fig. 1c. It exhibits a broad feature of few 100 meV
width, which is cut by Er and shows a curvature, to the eye most apparent at low energies. We can
extract the curvature by fitting the data with a Gaussian peak multiplied by a Fermi-Dirac distribution
(other methods give the same result, see Extended Data Fig. 1). The peak positions describe a parabola
with me=1.2(1) me, i.e. the band exhibits nearly the free electron mass me. Thus, after
photoexcitation, ZnO shows the characteristic of a metal: a dispersive band, cut by the equilibrium Eg,
indicative of a SMT.

To further confirm the above finding we analyze the angle-integrated PE spectra in the first ps after
excitation (Fig. 1d). The excitation of metals with fs laser pulses initially leads to a heating of the
electronic subsystem and a subsequent equilibration with the phonon bath within the first ps®.
Photoexcited ZnO behaves analogously to photoexcited metals: The spectra exhibit a characteristic
change of the high energy tail around Er which can be described by a Fermi-Dirac distribution with a
delay-dependent temperature (data and fits in Fig. 1d, cf. Methods). The resulting time-dependent
electronic temperature is plotted in the inset of Fig. 1d. Starting at 1300K, it decays due to equilibration
with the lattice within approx. 200 fs. The photoinduced phase thus shows electron-electron and
electron-phonon interaction as expected for a metal.

To quantify the temporal evolution of the PIPT, we spectrally integrate the photoinduced electron
signal below Er (purple), which is proportional to the electron density in the metallic band, and plot its

time dependence together with the evolution of the band curvature 1/mes (Qreen markers) in Fig. 2a.
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Electron density and curvature of the metallic band show a two-fold build-up (t1=20(20) fs,
12= 1.20(15) ps), which is followed by a decay on a timescale of hundreds of ps (t3 = 219(13) ps); see
Methods for details on the fitting. The effective mass is a measure of the electron localization in real
space®2®, The rise of 1/mes can be viewed as dynamic delocalization of the photoexcited electrons and
the subsequent decrease of 1/mex during the decay as dynamic localization®. The degree of
localization is correlated with the photoexcited electron density. We conclude that the free electron-
like metal is generated abruptly within the experimental resolution on the time scale of electronic
screening®3* and decays on a sub-nanosecond timescale.

In order to determine the PIPT threshold fluence we tune the excitation fluence across a wide range,
from few to tens of pwJ/cm?. Fig. 2b shows the curvature 1/mes as a function of fluence. Below the
threshold fluence of F; = 13.6 pJ/cm?, the pump laser pulse induces an electron population below Er
with a flat angular distribution (Extended Data Fig. 2), indicative of a localized electronic state® as
expected for an exciton®. Moreover, no hot electron gas cooling is observed. Thus, low fluence
photoexcitation creates a localized, non-interacting electron population. Above F., 1/mes increases
monotonously and, simultaneously, the hot electron gas cooling starts developing (Extended Data
Fig. 2); we find mett = 0.7 me for the highest fluence in our experiment. This confirms the connection of
the degree of localization and the carrier density observed in the time dependence. The PIPT
threshold Fc corresponds to an excitation density of 2.7 102 m=, which agrees well with literature
values of the Mott density (1-3 10%* m?) in ZnO%3¢, While, above Fc, a transient surface metal is
generated, the excited carriers do not interact beyond exciton formation in the low fluence regime,
consistent with earlier work on weakly photoexcited ZnO surfaces®.

We showed that a photoinduced SMT occurs in ZnO. The transient metal phase has the properties of
an equilibrium metal: the quasi-Er in the CB equals the equilibrium Er for all excitation densities
(cf. Fig. 1c and extended data Fig. 2). Therefore, the SMT goes beyond a pure exciton Mott transition:
a photoinduced change of the electronic band structure must occur to shift the CB from its equilibrium
position 200 meV above Er down to below Ee (cf. the sketch in Fig. 1a). The band structure could be
changed via band gap renormalization (BGR) due to carrier-carrier screening®®. BGR would shift the CB
downward, and at the same time the VB would move upward?®. On the contrary, for the photodoping
mechanism introduced above the VB should shift downward: Depopulation of deep donor levels
creates positive surface charges which lead to downward BB.

In order to distinguish the BGR and the photodoping scenario, we determine the energetic position of
the VB upon photoexcitation. A probe photon energy of hvpone= 4.25 €V gives access to the VB in a
two-photon photoemission process. Fig. 3b compares a VB spectrum at negative delays (black) to one
at a positive pump-probe delay of few ps (red). Clearly, the VB is transiently shifted to lower energies.
The false color plot in Fig. 3a shows that the downward shift occurs abruptly and persists for several
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hundred ps. Based on this, we exclude BGR as the driving mechanism and conclude that surface BB
caused by photodoping is the origin of the PIPT. Note that the VB shift is not entirely rigid but that the
peak also appears broadened and has a lower amplitude (Fig. 3b). This observation is consistent with
surface BB, where not all probed unit cells along the surface normal exhibit the same shift, as noted
previously for chemical doping™*.

Beyond monitoring band positions, trARPES offers another direct way of probing that the surface is
indeed positively charged after photoexcitation: As shown previously for GaAs*, a change of the
surface charge leads to a short-range electrostatic field in the near-surface vacuum region that affects
photoelectrons that just escaped the sample. Consequently, in a pump-probe experiment,
photoelectrons emitted by the probe would be decelerated by a pump-induced positive surface charge
at small negative pump-probe delays At < 0, when the photoelectrons are still close to the surface®.
Clearly, the data in Fig. 1b shows such downward shift of the surface electron signal probed by
hvprone = 6.3 €V for At < 0 on a 100 ps timescale. This unambiguously demonstrates that the surface is
positively charged due to photoexcitation by the pump laser pulse. Note that such photoinduced
changes of the surface charge and the resulting change of surface BB are well-known as surface
photovoltage phenomena®. Both, increase and decrease of BB have been demonstrated in the
ultrafast time domain®.

The final link between downward BB and the SMT is given in Fig. 2a, where we compare the VB shift
as a function of At (black markers) to the time-dependent electron density in the metallic band (XC,
purple markers) obtained under the same excitation conditions. As evidenced by a global fit (blue
curve), both transients agree perfectly for all time scales, from ultrafast (abrupt and delayed) rise to
decay. We conclude that photoinduced downward surface BB drives the SMT, as illustrated in the
sketch in Fig. 3c.

Photoexcitation will charge the surface positively and lead to the SMT only if the pump photon energy
is sufficient to excite electrons from deep donor levels to normally unoccupied states. By tuning the
pump photon energy below the fundamental gap of 3.4 eV we can exclusively address in-gap states.
As before, the energetic position of the VB in the time domain unveils whether the surface is charged
positively by photoexcitation. Fig. 3d,e show that downward BB is induced upon photoexcitation with
hvpump = 3.2 eV (full width half maximum: 0.1 eV) but not with hvpump= 3.0 eV. Thus, the deep donor
levels responsible for the SMT lie closer than 0.4 eV above the VB maximum. Such deep in-gap states
can be caused by lattice vacancies®, which are created at the surface upon annealing in ultra-high
vacuum®?,

In Fig. 4, we illustrate the photodoping mechanism and the associated time scales of the photoinduced
processes. The pump laser pulse depopulates deep donor defects at the surface and populates the CB
with electrons (process 1). Subsequently, with t; = 20(20) fs, downward surface BB occurs. The CB
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bends below Er and is partially filled. Simultaneously, the CB electrons delocalize, generating the
surface metal phase. This delocalization occurs above a critical electron density only, in analogy to the
Mott-Anderson transition driven by chemical doping with shallow donors. After the abrupt laser
excitation, the downward BB, the electron density of the surface metal, and the degree of
delocalization increase further with 1, = 1.20(15) ps. We interpret this as hole trapping at surface
defect sites (process 2), which charges the surface even more positively and leads to an increase in
surface BB. A resolution-limited upper boundary of 80 ps for this process was recently identified by X-
ray absorption spectroscopy* and few-ps time constants were determined by optical spectroscopy?°.
However, we note that hole polaron formation* may result in similar dynamics. Eventually, the CB
electrons recombine with the surface defects and, as the doping density is reduced, the electrons
localize (increasing mesr) with t3 = 219(13) ps (process 3). This back-transition to the semiconducting
state is at least one order of magnitude faster than, for example, the decay of the photoinduced SMT
in VO22. It should be noted that a fraction of the photodoped and localized surface electrons show
lifetimes exceeding the inverse repetition rate of our laser system (5 ps), consistent with defect exciton
lifetimes extending to the ps regime?. Interestingly, the above processes do not require cryogenic
temperatures: The PIPT can be realized between 100 K up to at least 256 K, i.e. close to room
temperature (Extended Data Fig. 3).

In summary, we unveiled a photoinduced ultrafast SMT at the surface of ZnO with an extraordinarily
low threshold fluence. The mechanism is simple and universal: Photodepletion of in-gap states (deep
defects) causes photodoping of the surface, which leads to downwards BB of the CB below E¢. All our
experimental observations are consistent with this mechanism, from positive surface charging and
downward BB that occurs simultaneous with the SMT, to the (dynamic) delocalization of the surface
electrons. The same mechanism should lead to PIPTs at surfaces or interfaces of other semiconductors
with a sufficiently high density of deep surface defects. Beyond technological implementations of ZnO
as an ultrafast, transparent photoswitch with the transient properties of an equilibrium metal, this
work is the starting point for studies of 2DEGs with emerging properties beyond metallicity in the

ultrafast time domain.
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Figure 1 Time-resolved photoelectron spectroscopy of the ZnO(10-10) surface upon resonant excitation. a, Energy level
diagram and illustration of the discussed photoinduced phase transition. b, PE-intensity in false colors as a function of pump-
probe delay At and energy. Probe: 6.3 eV, pump: 3.43 eV (27 wJ/cm?2). The pump pulse induces an abrupt increase of the
electron density below Eg. The purple box (XC) indicates the energy-integration window for the evaluation shown in Fig. 2. c,
Angle-resolved PE-intensity averaged from 4 to 8 ps showing a dispersive free electron-like band. d, Normalized, angle-
integrated PE-intensity for different delays (50 to 800 fs) with Fermi-Dirac distribution fits (solid lines). Inset: Electronic
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Figure 2 Dynamics and fluence dependence of surface metallization. a, Purple: PE-intensity below Eg (proportional to the
surface electron density). The energy-integration window is indicated by the purple box (XC) in Fig. 1a. Green: Curvature of
the metallic band (determination see Extended Data Fig. 1). Black: VB peak position (determination see Fig. 3). The blue line
is a global fit (see Methods). Grey area: Instrument response function. b, Fluence-dependent evolution of the band
curvature. Error bars respresent standard deviations.
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Figure 3 Downward shift of the VB upon resonant and below band gap excitation. a, PE-intensity from the VB in false colors
as a function of pump-probe delay probed by two-photon photoemission with hvprone = 4.25 eV. Pump: 3.43 eV (27 pd/cm?).
Markers: peak positions, determination see b. b, Comparison of VB spectra at negative delays (black) and at positive
delays (red). Top: Raw data (vertically offset for clarity). Bottom: Data after subtracting the background of secondary
electrons. Blue: Gaussian fits to determine the peak maximum. c, Energy level diagram with a sketch of downward surface
BB along the surface normal z. d, e VB spectra at negative (black) and positive delays (red) for different pump photon energies
below the fundamental gap.
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Figure 4 Scheme of the pump-induced processes. Resonant pumping populates the CB and depopulates surface defect
states leading to downward surface BB; the electrons delocalize and form the metal phase (process 1). Delayed increase of
the BB occurs due to hole trapping at surface defect sites (process 2). The PIPT recovers as the surface charge is reduced by
electron-hole recombination (process 3).



Methods

The ZnO(10-10) sample was purchased from MaTeck GmbH and is prepared by repeated cycles of Ar*-
sputtering (0.75 keV, 8 nA) succeeded by 30 min annealing in ultra-high vacuum (Tmax= 950 K, heating
rate 30-40 K min™t). The surface cleanliness is confirmed by LEED and photoemission measurements of
the work function. The VB maximum lies at -3.2 eV with respect to Er (Fig. 3b). The Erreference is taken
from the gold sample holder, which is in electrical contact with the sample surface.

Photoemission measurements are performed in situ using a hemispherical electron energy analyzer
(PHOISBOS 100, Specs GmbH). A bias voltage of 1.5 eV is applied with respect to the sample. Pump
and probe laser pulses are generated from a regenerative amplifier system running at 200 kHz and
several optical parametric amplifiers (OPAs) working at 200 kHz (PHARQS, internal OPA, Orpheus-2H,
Orpheus-3H by Light Conversion). 6.3 eV laser pulses are reached by frequency quadrupling of the 1.55
eV output of the internal NOPA. Pump pulses with 3.2-3.4 eV and probe pulses with 4.25 eV are created
in the Orpheus-2H and 3H, respectively. All measurements shown in the main text are performed at
100 K.

The fit functions for extracting the time constants (Fig. 2a) consists of a double exponential rise and a
single exponential decay convolved with a Gaussian peak representing the cross correlation of pump
and probe laser pulses. The latter is determined from high energy cuts in the ZnO pump-probe data in
case of using 6.3 eV as probe photon energy, yielding a cross correlation width of 115(17) fs (full width
half maximum). In the case of using 4.25 eV as probe photon energy, the cross correlation is measured
in situ by pump-probe photoemission from a tantalum sheet yielding 71(1) fs (full width half
maximum). The rise and decay time constants are the result of a global fit to the PE intensity around
Er and to the VB shift, as shown in Fig. 2a. The time resolution in the experiments is limited by the
accuracy of determining the pump-probe cross correlation that is used for the convolution.

The fit function to extract the electronic temperature of the metallic state is a Gaussian peak multiplied
by a Fermi-Dirac distribution, convolved with a Gaussian peak accounting for the energy resolution of

the experiment (50 meV).
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Extended Data Figure 1 Different evaluations of the angular distribution of the photoresponse. a, Angular distribution at a
delay of 6+ 2 ps after resonant photoexcitation with a fluence of 27 pJ/cm2. Blue: Peak positions from fitting energy
distribution curves at different k; (e.g. EDC 1, EDC 2 as indicated with the blue/purple boxes) with a Gaussian peak multiplied
by a Fermi-Dirac distribution and convolved with another Gaussian peak to account for the energy resolution (50 meV). Fits
to the exemplary spectra are shown in b. Green: Peak maximum of the EDC, red: position of the low energy edge half
maximum, numerically determined, as shown in b. The black lines in a are fits with E(ki)=Eo + h2k;2/(2mesr); Mesr = 1.2(1) me
(blue), mesr = 1.7(5) me (green) and mess = 1.8(3) me (red). ¢, Comparison of the curvature for different fluences; error bars
represent standard deviations. Blue: Evaluation from fitting. Green and red: evaluation by determining the half maximum
numerically. For the green data points the background at negative delays was subtracted. For low fluences smaller than the
PIPT threshold, the background has to be subtracted in order to identify the (localized) character of the excitation, because
the photoinduced change is small. Clearly, independent of the evaluation method, we find a free-electron-like band with
positive curvature and that the curvature increases as a function of photodoping.
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Extended Data Figure 2 Fluence dependence of the photoinduced response. a-e, Angular distribution of the photoinduced
change at 6+2 ps below and above the PIPT threshold F¢ (13.6 pd/cm?2). Below Fc, the pump induces a non-dispersive state
below Er. Above Fc, a dispersive band evolves, with increasing bandwidth and curvature. For all fluences, the band is cut by
the equilibrium Fermi level. f-k, Corresponding angle-integrated PE-spectra (log. scale, normalized) for different pump-
probe delays (50 fs to 800 fs). Below Fc, all spectra are identical. Above Fc the high energy tail shows hot electron gas
cooling as characteristic for photoexcited metals. The delay dependence is described by Fermi-Dirac distributions with
varying temperatures (see non-log. scale data with Fermi-Dirac distribution fits in the inset in k).
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Extended Data Figure 3 Temperature dependence of the photoresponse. a-c, Angle-resolved PE spectraat 97, 188 and 256 K,
respectively, averaged across pump-probe delays between 3 and 10 ps. All show a free electron-like band. d-f, Corresponding
angle-integrated spectra showing the hot electron gas cooling within the first ps, characteristic for the surface metal phase.
The inset of f shows that, after equilibration with the lattice at a late delay of 6 + 2 ps, the electron (lattice) temperature also
increases with the sample temperature (analysis as described in Methods). This shows that the photoinduced SMT works at
least up to 256 K.
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