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The inauguration and long-term successful operation of the Vanderbilt Free-Electron Laser 

(PEL) has opened up extraordinary opportunities for semiconductor research. The 

Vanderbilt FEL is continuously tunable over a broad spectral range; this range, easily 

augmented by frequency multiplication and higher-harmonic operation, covers the band 

gaps of most of the technologically important semiconductors. The FEL's high average 

power and peculiar time structure has been exploited in a number of advanced 

semiconductor spectroscopies that promises to increase our understanding of the electronic 

structure and dynamic response of these fundamentally interesting and technologically 

crucial materials. 

Our program is built on a firm and concrete background, with a record of results that has 

fulfilled the initial promise involving the systematic use of an FEL in semiconductor and 

materials research. Significant results have been obtained in a number of areas but we will 

emphasize to special topics: (a) FEL Internal Photoemission (FELIPE) measurements of 

interface energy barriers, and (b) two-photon absorption in germanium. In the case of 

FELIPE, the first results, which were also the first FEL data on surfaces or interfaces, 

concerned heterojunction band discontinuities. This has been for many years a central 

problem in solid state science, with fundamental and applied aspects.   The research had 



reached a major roadblock, since the test of theories required an accuracy much better than 

10 meV, and the standard measurements were either not sufficiently accurate or not 

sufficiently reliable. The FELIPE idea is very simple and straightforward: the FEL is used 

to excite carriers across the barrier to be measured, thereby enabling them to produce a 

photocurrent in an external circuit. The first measurements immediately reached the best 

levels of accuracy and reliability, and subsequent improvements (Fig. 1) have brought the 

accuracy to a very few meV. 
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Fig. 1. Typical FELIPE photocurrent measurement of a GaAs/a-Ge interface at 77 K with a 
+0.8 V bias applied to the GaAs side. A simple linear fit to the threshold region determines 
the discontinuity. The bulk photoconductivity of the GaAs was measured to verify that the 
FELIPE threshold was not due to a bulk GaAs impurity band. 

FELIPE is now an almost routine technique, that has been successfully used for a number 

of interfaces, notably in the GaAs-AlGaAs and GaAs-Ge family. Cross tests with 

conventional sources enhance the reliability and add information on other parameters such 

as the local forbidden gap. It should be emphasized, however, that the straightforward 

character of the technique is made possible by the use of the FEL, which provides the right 

tuning range for the photon energy so that barriers can be measured directly rather than 

derived indirectly. This is a major point in the superiority of FELIPE. Other relevant 

points are that FELIPE can be applied to buried interfaces rather than being confined to 

thin overlayers as are the standard photoemission measurements. The present status leaves 



ample possibilities of further improvements of the technique, for example the achievement 

of high lateral resolution. It should be noted, however, that even without considering 

further improvements, the technique is already the premier available approach for the 

measurement of energy barriers at semiconductor interfaces. 

The second series of concrete results concerns the nonlinear optical properties of the 

elemental semiconductor germanium. This research is a byproduct of a major effort for the 

study of nonlinear optical absorption of artificial semiconductor microstructures. While 

assessing the best strategy, we realized that there still existed major gaps in the knowledge 

of the two-photon absorption of some of the basic semiconductors that are used to form 

artificial structures. Germanium was the most striking case: probably because of the 

indirect nature of its gap and of the subsequent weakness of the two-photon absorption, no 

attempt had been made in over eighteen years to study such an absorption. We then 

decided to use the superior properties of the Vanderbilt FEL and try to eliminate this 

fundamental missing point in our knowledge of a basic material such as Ge. This attempt 

was rewarded by an unqualified success. The data (Fig. 2) clearly exhibited both the direct 

and the indirect gap two-photon absorption. The quality of the results enabled us to test 

some of the theoretical predictions concerning these phenomena. 
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Fig. 2. Two-photon absorption in Ge at 125 K in the region near the indirect gap two- 
photon absorption. The two-photon photoconductivity signal is normalized to the square of 
the reference signal, Vref, and plotted as a function of twice the FEL photon energy.   The 
vertical arrows mark the indirect-gap, Eg\ and the corresponding threshold for LO-phonon 
assisted processes as predicted by Bassani-Hassan theory. 



For example, twenty years ago Bassani and Hassan had predicted a rather peculiar role of 

phonons in the indirect gap two-photon absorption, but such a prediction had never been 

tested. Our data clearly show that the prediction was correct. Two points should be 

emphasized concerning this background of practical achievements. First of all, the results 

determined our subsequent strategy in the development of the program. This is an 

important point, since our original proposal contained several research areas. No one of 

them failed: we simply decided to put our major effort in the areas that were already 

producing excellent results, and we fully intend to implement all of the parts of our original 

program. The strategy, however, will be the same: to exploit the successes to the limit. 

Second relevant point: the sustained record of successful FEL experiments on 

semiconductors removed a major question concerning our original proposal: in simple 

words, no one had ever tried to systematically rather than occasionally use an FEL for 

semiconductor materials research. Experience with other centralized facilities indicates that 

major unforeseen roadblocks can be encountered, which make it impossible to practically 

exploit an otherwise very promising facility. Our results show that such is not the case for 

the FEL. We have demonstrated, experiment after experiment, that the FEL can be used as 

a sophisticated but reliable instrument. Its record is already better than synchrotron 

radiation in its first decade of life, and much better than synchrotron radiation at its birth. 

There are no questions, therefore, about the suitability of the FEL for these experiments as 

well as for the other experiments that are part of the present proposal. We finally note that 

the use of a centralized facility always poses practical problems that must be eliminated with 

practical solutions. The successes of the program and the parallel funding by American and 

Swiss sources has made it possible for quite a few scientists to directly participate in these 

FEL experiments. We are de facto training the first specialized research team in the use of 

the FEL for materials studies. Our personnel are gaining extremely valuable hands-on 

experience in the use of the facility, which is absolutely required for the move to even more 

sophisticated experiments, and is a guarantee of their success.    In essence, the first 



successes of our program are both the background for many additional studies in the same 

lines of research, and the background for the new lines here proposed. 

In addition to these advances, a large number FEL and FEL-related projects have been 

completed and are described in the following publications. 
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