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As synchrotron radiation sources have been used for many experiments
in the ultraviolet and X-ray regimes, the free-electron laser is an excellent
source for a wide array of infrared-photon projects and applications. The
free-electron laser delivers a beam of powerful tunable pulsed radiation which
provides the opportunity for spatial and temporal localization of the energy delivered at any desired wavelength within the 2-10 pm regime. One
application discussed employs the free-electron laser for spectroscopy as a
probe of electronic and vibrational structures. Another application uses the
free-electron laser beam as a tool for altering materials in a fundamentally
new way.
PACS numbers: 63.20.—e, 73.20.At, 79.20.Ds, 79.20.La, 79.60.Jv

1. The Vanderbilt University free-electron laser
The Vanderbilt University free-electron laser (VU FEL) delivers infrared
beams tunable from 2 pm up to 10 pm. It has demonstrated a sustained average
power of 11 W [1]. The VU FEL macropulse is typically 3-5 μ s long with a
repetition rate variable up to 30 Hz and consists of 1 ps long micropulses separated
by 350 ps. The typical macropulse energy is 100-200 mJ. The peak power in a
micropulse 8 MW, which may provide up to N 820 GW/cm 2 peak irradiation
when focused to a N 50 pm spot. Monochromatic (but incoherent) X-rays are also
available to users.
(689)
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2. Spectroscopies with the FEL
2.1. Internal photoemission

For many years, concentrated experimental and theoretical research has focused on the band lineup at the interface of two semiconductors [2]. Internal photoemission (IPE) is a simple method of determining the band discontinuities at mature interfaces. We have shown the feasibility of conducting very accurate semiconductor heterojunction band discontinuity measurements using free-electron laser
internal photoemission (FELIPE) on AlGaAs/GaAs [3] and GaAs/amorphous-Ge
(GaAs/a-Ge) heterojunctions [4].
Unlike conventional photoemission spectroscopies [2] which require the interface to be within a few monolayers of the surface, FELIPE can be used to study
interfaces buried deep beneath a surface and the measurements can be made while
the interface is under bias.
With FELIPE the lowest IR photon energy, which can induce electronic transitions between the conduction band minima of the two materials, gives directly
the conduction band discontinuity. This is much simpler than conventional IPE
experiments [5], which use monochromatic visible light inducing transitions from
the top of the valence band on one side to the bottom of conduction band on the
other side. The knowledge of the interface band gap is required to determine the
band discontinuity from visible-IPE data.
The preparation of the GaAs/a-Ge heterojunctions and experiment procedures were described in [5, 6]. The FEL produces an observable photocurrent
by photo-assisting electrons over the conduction band discontinuity as shown in
Fig. la. A representative spectrum is given in Fig. lb, showing how ∆Ec is given
directly by the photon energy at the photocurrent threshold.

Fig. 1. (a) Energy band diagram of the GaAs/a-Ge interface. If the photon energy
exceeds ∆Ec, a photocurrent is produced. (b) Upper lines — linear fit to threshold
region for GaAs/a-Ge interface with -0.8 V bias. Lower line — photocurrent measured by
applying 100 V between two electrodes attached to the Ni/Ga/Au back-contacts of the
GaAs, showing that the photocurrent threshold is not due to bulk GaAs photocurrent.
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A variety of theoretical line shapes have been suggested for the near-threshold
region [7], all of the form Y cc (hv — AEc)", where Y is the photocurrent yield, by
is the photon energy, and n is 2, 2.5 or 3 in the Fowler, Kane and Powell models.
When the Fowler fit is replaced by a simple linear fit (n = 1), the estimate of DE S
changes by only 5 meV. For biases of the a-Ge side relative to the GaAs side of
—0.8 V and —1 V, the linear fit gives ∆Ec = 0.399 eV while the Fowler fit gives
0.334 eV. For bias voltages between O and —1 V, no significant variations of ∆Ec
were found. This indicates that tunneling corrections are negligible.
A 100 V bias was applied across two Ni/Ge/Au contacts on the back of the
GaAs. No threshold was observed in the resulting photoconductivity spectrum,
therefore the threshold in the spectrum is not a bulk GaAs effect.
As long as fiat-band conditions exist at the interface, a direct measurement
of the interfacial band gap of the small gap material can be obtained by comparing the results of visible-IPE [8], with those of FELIPE. The near-interface and
bulk gaps agreed to within experimental error for the case of GaAs/a-Ge. The first
experimental data obtained with this method enabled determination of the discontinuity of a GaAI/AIGaAs heterojunction with high accuracy [4]. This technique
has developed to the point that measurements to 5 meV uncertainty are possible.
2.2. Two-photon absorption

Two-photon spectroscopy has long been an important component of solid-state research due to its selection-rule complementarity with respect to conventional optical spectroscopy and its demonstration of many interesting and nontrivial features. While certain aspects of this spectroscopy could be practically implemented after the invention of lasers [9], two-photon absorption in germanium
had never been thoroughly studied. The FEL provides the technology needed to
achieve a positive test of the decades-old Bassani—Hassan predictions.
The results of our Ge two-photon absorption experiments [10] show that
the coefficient of indirect two-photon absorption is three orders of magnitude less
than the direct gap coefficient. They also demonstrate that indirect absorption is
longitudinal optical-phonon (LO-phonon) assisted which provides a positive test
of the Bassani—Hassan predictions [11-13].
These results are based on photoconductivity measurements at r..1 125 K. The
sample used for photoconductivity measurements was a p-i-n diode. It was biased
at 300 mV in order to fully deplete the intrinsic region before the photoconductivity
was measured. Photoconductivity was converted into a voltage change AV. Composite data from three different runs was plotted as ∆V/V2 vs. twice the photon
energy, 2hω. Fits of the data show that the near-threshold intensity dependence is
essentially quadratic. The data in Fig. 2 give a direct gap of Eg = 0.87 ± 0.01 eV.
Using Mahan's excitonic theory [14], with .Eg as an adjustable parameter, 0.87 eV
was again obtained, confirming the previous evaluation. A gap of 0.87 eV at 125 K
is also consistent with the published value [15, 16].
The value of Eg obtained from this data analysis was then used to analyze
the indirect gap data. It can be safely assumed that the difference between the gaps
is independent of temperature, as the published dependence [15, 16] is negligible
,
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Fig. 2. Two-photon absorption induced photoconductivity signal as a function of
double the incident photon energy, with normalization to the reference signal V e f.
(a) Threshold indicating a direct gap width of 0.87 eV at 125 K. (b) Similar data
for the indirect gap. The pointers mark the predictions of the Bassani—Hassan theory
for the indirect gap width Eg and the corresponding LO phonon-assisted process.

within the experiment's level of accuracy. From the indirect gap width [15, 16] at
77 K of 0.737 eV and the direct-gap decrease of 19 meV from 77-125 K, an indirect
gap width Eg = 0.718 ± 0.01 eV at 125 K was predicted.
Figure 2b shows that the two-photon indirect-gap threshold is clearly shifted
with respect to the predicted E. This shift is consistent with a process assisted by
the emission of a 30.4 meV LO (L6-) phonon [16], as Bassani and Ilassan [11] predicted in 1972. It is conclusive that the two-photon indirect threshold is primarily
an LO-assisted process, differing from an one-photon mechanism, which can be
assisted by several different types of phonons.
Using our data to estimate the relative strength of the direct and indirect absorption, we found that the indirect absorption was weaker by a factor of
2 x 10 3 . We reached this approximation by determining the ratio of the absorption at a photon energy of 0.490 eV (above the two-photon direct-gap threshold)
to the absorption at a photon energy of 0.407 eV (between the indirect and the
direct gaps) and assuming that only two-photon absorption contributes to the
photocurrent.
3. Wavelength-selective materials modification

3.1. Laser ablation of diamond

In recent years, increasing interest has accrued to the clarification of photon induced resonant direct and indirect bond-breaking mechanisms because this
method can achieve materials alteration while subjecting the sample to only a
fraction of the energy required in a non-localized thermal bond-breaking process.
We have performed wavelength-dependent laser ablation studies on 10 µm
thick chemical vapor deposition (CVD) diamond films using the VU FEL. Near the
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3.5 pm wavelength, a sharp dip was observed in the massive ablation threshold [17].
This correlates strongly to the C—H stretch absorption band, which is present
near 3.5 pm in the infrared absorption spectra of the CVD diamond samples.
The spectra were taken using a Fourier transform infrared (FTIR) spectrometer
with p-polarized light incident at Brewster's angle. In CVD diamond films, the
hydrogen is believed to reside primarily on the surface and at grain boundaries.
Consequently, the incoming photon energy is deposited primarily at the surface
rather than in the bulk as would be the case for phonon related absorption.
The ablation threshold measurements were conducted in a high vacuum of
10 -9 torr. At each wavelength (Da ti 0.05 pm) a single FEL macropulse was
focused (d N 56 pm) at the sample and the diameter of the resulting hole as a
function of laser irradiation was measured using a scanning electron microscope.
The massive ablation threshold was defined as an extrapolated value to zero hole
diameter.
The initial onset of photodesorption was measured using time-of-flight spectroscopy [18]. A sharp increase in the desorption rate at an intensity of only
3 GW/cm 2 was observed at 3.5 pm. This is markedly different from the graphite,
in which case the desorption rate increases relatively gradually starting at an intensity of 0.1 GW/cm 2 . The C—H bond-stretching mode arising from hydrogen on
the surface is clearly important in the early stages of the damage process of CVD
diamond films.
3.2. Non-thermal, localized alteration of impurity distributions

Materials alteration stimulated by the localized absorption of resonant photons has potential applications in the control of selected impurities and formation
of clusters. The control of the impurity distribution in a solid requires species-specific deposition of energy exclusively at the impurity site, which is made possible
due to the intense IR laser radiation available at the VU FEL.
In these experiments, a sample is exposed to laser light tuned to a special
frequency characteristic of a particular impurity. This specific deposition of energy
makes it possible to alter the impurity distribution profile and to control cluster
configurations. With this technique, the alteration occurs at temperatures and
pressures significantly lower than what is typically required for the normal globally
thermal activation energy. Diffusion normally involves overcoming the activation
energy of an impurity by thermal processes. However, one may locally decrease
the activation energy of an impurity by irradiating a sample with a laser tuned
to the vibrational frequency of the impurity. An important issue is the degree to
which the alteration may be accomplished before the local excitation decays by
phonon exchange leading to thermalization. The understanding of this selective
chemistry requires a detailed knowledge of the rates and mechanisms of energy
transfer from the vibrational modes. The measure of this energy transfer rate is the
vibrational lifetime. The longer the lifetime, the more likely it is that we can affect
the chemistry. We are developing a technique, applying the pump-probe transient
bleaching method [19] to measure vibrational lifetimes using the VU FEL. The IR
wavelength range available is ideal to target vibrational modes in various systems.
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Recent measurements have demonstrated that clusters of nitrogen in natural
diamond may be dispersed by exposure to FEL radiation tuned to 7.8 pm (the
vibrations of the clusters) at zero pressure. This effect occurred at temperatures of
600°C, that is considerably lower than at which nitrogen is normally mobile in diamond. This selective modification is opposite to the thermodynamic tendency for
nitrogen to aggregate in diamond. The dispersed nitrogen was identified through
electron paramagnetic resonance and by observation of absorption peaks in the
FTIR spectrum [20]. Rapid changes in the relative population of the dispersed
and aggregate configurations have been demonstrated by other groups, but only
under extreme conditions of enormous pressure and high temperature.
The control of the relative populations of nitrogen impurity configurations in
diamond is the first experimental demonstration of a new class of technologically-important material processing techniques using selective laser-assisted control of
clustering and dispersion of impurities.
Work is underway to demonstrate selective diffusion in silicon and diamond,
and to alter different types of cluster species in these same materials. One important goal in this work is to produce much sought after technological grade n-type
dopant in diamond, a goal which continues to elude researchers. Another possible application will be the control of heterojunction band discontinuities through
selective diffusion of -impurities near the interface as discussed in the following
section.

3.3. Modification of band offsets
The band offset of a heterojunction is a significant parameter in device applications. A great deal of effort has been expended to try to tune the magnitude
of the offsets to improve electrical properties of devices. So far some success have
been achieved.
The offset of a heterojunction is largely determined by the electronic states
in the interface. If the states are changed, it is expected that the offset will change.
Based on this hypothesis, several groups have fabricated heterojunctions with their
offsets altered by nearby impurities [21-23]. The basic idea is that by growing a
very thin intralayer close to the interface, an extra dipole is formed near the
heterojunction. To minimize this dipole, the energy band has to adjust which
results in an altered band offset value. These groups were successful, however the
alteration was carried out during the growth of the heterojunction. After growth,
the band offset cannot be further altered with the above method.
We proposed a new way to change the band offset of heterojunctions after its
growth with the use of the FEL. Defects and impurities at the interface determine
the interface states. Therefore, any change in the defect and impurity distribution
at the interface may cause significant changes in the electron states at the interface which in turn will change the band offset. The photon energy of the FEL
lies within the range of the vibrational energies of many of these impurities and
defects. We can tune the wavelength of the FEL to those vibrational energies and
can selectively cause the migration of the desired impurities and/or defects. This
non-thermal migration will change the electronic states at the interface which will
consequently adjust the band offsets at the interface.
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