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The semuconductor Cherenkov laser (SCL) 1s introduced. It is a low-voltage. tunable, far-infrared source of coherent radiation.
“he SCL explots the interaction of a relauvistic electron beam in close proximity to a semuconductor film. A related device is the
<herenkov free electron laser whose associated theory may be applied to the new device. General expressions for tuning and gain are
considered in conjunction with electron beam. opucal and matenal constraints to establish the operaung charactenstics.

1. Introduction

The semiconductor Cherenkov laser (SCL) is a novel
low-voltage, tunable far-infrared (FIR) source of coher-
ent radiation. A related device is the Cherenkov free
clectron laser (CFEL) whose associated theorv can be
.pplied to the new device. The SCL exploits the interac-
aon of a relativistic electron beam in close proximity to
a dielectric material. When electrons have a phase veloc-
ity greater than the speed of light in the medium. they
emit spontaneous Cherenkov radiation. If the beam is
slightly faster than the slow wave. electrons will bunch
in the retarding phase and give energy to the mode. This
radiation 1s guided by the slow-wave structure. and
hence is confined to discrete waveguide modes. When
the gain of the mode is sufficient to overcome resonator
losses. coherent, high-power. tunable radiation can be
-\tracted. Such a compact. powerful radiation source
uoes not currently exist, and would have numerous
applications in communications. medicine and spec-
troscopy. The advantages of the SCL over the tradi-
tional low-index CFELS are that: a lower voltage is
required to obtain lasing at a given wavelength. charge
buildup on the film surface is eliminated by the semi-
conductor’s dc conductivity, and material /fabrication
techniques for integrated circuits have advanced bevond
any potential SCL resonator requirements. In order to
> more specific about the device. a brief theory section
I included. Si, GaAs, and Ge are used for numerical
Calculations because they are readily available. prom-
ising candidates for the SCL resonator matenai.
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2. CFEL theory

The planar resonator is shown in fig. 1 with a sketch
of the axial electric field amplitude. We define the
direction perpendicular to the surface as x, and the
direction of electron beam propagation as >. The beam
must couple to the axial electric field ( £.). so only TM
modes are considered. The specific resonator geometry
and material determine the form of the electric and
magnetic fields. Solving Maxwell's equations with the
appropriate boundary conditions vields the dispersion
relation

D(wd/c. kd. geometry) =0, (1)

where w is the angular frequency. ¢ is the speed of light
and k is the mode wavenumber. Eq. (1) is solved
numerically to vield a charactenstic relation between
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Fig. 1. The geometry of a planar semuconductor resonator of

length L and depth d is shown. The electron beam passes a

distance 8 from the resonator surface. The £. field amplitude

is sketched to iilustrate the field /beam spatial overlap which 1s
essenuial for FEL operauon.
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Fig. 2. The TM tuning curve for the two lowest order modes 15
plotted for Si. GaAs. and Ge whose FIR dielectnic constants
are 11.8. 12.9. and 16. respectively. The voitage range of
interest 1s indicated on the axis by a heavy line.

wd/c vs kd. The waveguide reduces the phase velocity
of the wave from its free-space value (w/ck =1). The
effect is more pronounced for larger dielectric constants
and thicker waveguides.

Since synchronism between the e.m. phase velocity
and the electron beam’s 8 is necessary for bunching to
occur. eq. (1) is. for practical purposes.

D(wd/c. wd/Bc. geometry) = 0. (2)

Cast in this form. the dispersion relation gives the
operating wavelength (A = 2mc/w) for a given kinetic
energy. This is the tuning curve which is shown in fig. 2.
At a given energy. the output wavelength decreases with
smaller dielectric constants and/or thinner dielectric
layers. A useful scaling law is apparent: A ~d.

The beam/electron interaction must provide gain at
these established operating wavelengths. A derivation of
the single-particle. one-dimensional gain is beyond the
scope of this paper. The annotated expression itself
should provide sufficient insight at this point. The gain
per pass is defined as the rate of radiation amplitude
growth times the time required for the electron beam to
traverse the resonator. For an electron beam of width
a,, passing 8 away from a resonator with mode width
w.itis [7]

jbaLZ oh.‘ L
mcje W 7/<80: (3)

g=

where J,, is the peak electron current density and
mc? /e =17 kA. The geometric factors L and d are
shown on fig. 1. g, depends only on the dispersion

relation of the resonator and the single-particle gain line
shape Fg. Itis given by

_ $=(v* - v7)
By (kd™ =y +e(y) )

where the relativistic factor evaluated at the Cherenkov
threshold. B=¢"" . is

2 Frixl). (4)

- €
Y7 =

<

(3

e—1°
The famuliar single-particle gain line shape funcuon s
(1 —cos kL) —xL sin xL

Fo(xl)=
R (xL)’

(6)

where the relative phase shift between the electron
velocity and the mode’s phase veloaty 1s

w
L=(k=-—x ) L. 7
K ‘ By (7
The spatial overlap for an evanescent mode and an

electron beam with height o,  is evaluated via the
coupling factor.

L=exp( :X%Z—B)[l —exp‘ 4/\%;:1 '] =g M (1l —eH).
(8)

For practical beam dimensions. the u, term dominates.
The presence of a gap between the beam and semicon-
ductor dramatically decreases the gair at low energies.
Thus. the gain peak is shifted to slightly higher energies.
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Fig. 3. The gain parameter g, is plotied for the first ™

branch of Si. GaAs. and Ge. Polyethylene is inciuded for

comparison because is has been used in “a tugher voltage

experiments. Here § = 0: including a finite gap would reduce

the peak value and shift it to slightly higher energies. Again.

the relevant voltage range is indicated with a heavy line on
axis.
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Calculations indicate that §/d = 0.2 is tolerable. though
much better alignment can be achieved expenmentally.

All functional dependencies in the gain are 1ncorpo-
rated In gy. eq. (4 it is this function that is plotted in
fig. 3. Electrons whose phase allows maximum gatn
dominate the process. so we evaluate g, at the peak
value of the single-particle line shape: Fp(xL =2.34) =
-0.135. The semiconductors of interest (Si. Ge and
GuaAs) have an opumum gain at voltages of about
20-100 keV.

3. Semiconductor resonator considerations

The first concern is that the new material allows
beam /optical mode spatial overlap. The longitudinal
electric field has a simple exponential decav from the
semiconductor surface into the vacuum. £.(x)=
E.e ¥ where ¢- = k* ~ (w/c)". The proportion of field
n the vacuum and the field's evanescent length are
casily calculated from the dispersion relation. Both were
entirely acceptable for semiconductors in the voltage
range of interest.

Losses must also be considered. The mode/beam
interaction causes growth which must be sufficient to
overcome the losses associated with propagation in the
guide. For a dielectric waveguide of length L with
material losses a, and end mirrors characterized by
reflectivities r, and r.. the losses are

Is 1 A
athresh=‘}(am—tln(’lr2))' (9)
The factor 1/2 converts the amplitude-based derivation
to the more familiar power loss form.

One way of decreasing resonator losses is to increase
the mirror reflectivities. . Only integral mirrors are
treated because thev eliminate losses associated with
coupling out of the guide. They also offer the advantage
of mechanical integrity. The simplest Fabrv-Perot cav-
ity is formed by cleaving and polishing the ends of the
dielectric resonator. Typical r values are about 30-40%
for Si. GaAs and Ge. If an increased  is desired. metal
can be evaporated onto the end faces. A 200 nm layer
of Al should provide near 100% reflection over the
entire range of interest. Thickening the guiding layer at
the resonator ends should confine the mode for more
complete reflection.

Another way to reduce resonator losses is to mini-
mize material losses. a,. In the FIR radiation and
scattering losses are minimal. but we need to consider
absorption. Semiconductor absorption is dominated by
interband absorption. The threshold waveiength for this
A, [um] = 1.24/E, [eV] where E, is the energy gap.
This gap wavelength separates the absorption into two
regions. The first corresponds to A < A, where intrinsic
carriers are excited across the bandgap. This is a region
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of strong absorption which is avoided by a judicious
choice of material. The second. A > A ,. is characterized
by free-carnier absorption. lattice absorpuion. intraband
absorpuion. and defect or dopant absorption. For rela-
tively high resisuvity matenals in the FIR. free-carrier
absorption domuinates (8],

The Classical Drude theory expression for free-car-
rier absorption 1s
a, = Ng-A

S 8wtm*acr

(10)

where .V is the free-carrier concentration. A is the lasing
wavelength. m* is the free-carrier effective mass in the
semiconductor. n is its index of refraction. and r is the
scattering lifetime. The Drude model is most applicable
to metals. but it provides a first order indication of the
absorption behavior. Namely. it is less significant at low
temperatures. short wavelengths. and low carrier con-
centrations (high resistivities). The exponent of A actu-
ally varies between 1.5 and 2.5. depending upon whether
acoustic or optical phonon modes are excited. Absorp-
tion due to ionized impurities goes as A%, but are
negligible in semiconductors with resistivities above 40
Qcm [8).

Finally. the resonator geometry must be considered.
Introducing a trough-like curvature in the transverse
(¥) direction would improve the confinement of the
optical mode. Propagation losses could be reduced by
introducing a “buffer” laver of material with e less that
the semiconductor e. Despite the improvement in opti-
cal beam properties. these modifications nave little ef-
fect on the dispersion relation. Hence. the theorv which
has been presented generally applies. The one exception
is the tight radius through. and even this case does not
deviate substantially from the planar structure. The
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Fig. 4. The turing curves for various geometries of a Si

resonator are shown. In the relevant voltage range there is no

significant shift of the curves with the possible exception of an

extremely tight radius trough. Given the tvpical semiconductor

depths 4 for FIR operation. such a resonator would not be
practical anvway.

IX. UNCONVENTIONAL SCHEMES



682 E.E Fischetal. - The semiconductor Cherenkot luser

tuning curve for various geometries shown in fig. 4
substantiates ttus.

4. A SCL design

The theory is applied to establish the operating
parameters for a practical SCL device. A thia Si film on
a metal substrate is chosen as the resonator. Rather
than attempung to quantify losses. we assume that a
gain of 1 will be obtained. This value is conservative.
but ensures that threshold will be obtained for anv
reasonable resonator. For mid-FIR operation on the
fundamental TM mode at voltages in the 50-100 keV
range. a 50 um thick film is implicated by the tuning
curve of fig. 2. It is assumed that the waveguide mode
width can be approximated by the Gaussian waist.
(w=/LA/2=). Table 1 summarizes the design calcula-
tions. The results indicate that operation of a thin-film
Si resonator SCL at Dartmouth is well within theoreti-
cal constraints.

Table 1
Calculations for a Si film with d =50 um
Parameter Energy [keV]

30 50 100
v = (511 /voltage {keV]) + 1 1.06 1.10 1.20
B=(-1/yH)"" 0.33 0.42 0.60
A\ [pmj} from tuning 350 500 650
L {cm}for L/A =100 35 5.0 6.5
8 [um]forps =1 18 29 42
o, [pm]foru, =4 74 120 170
gy from gain curve 0.7 1.0 1.5
oy, (pmj( =0y,) 74 120 170
Jig =1 [Ascm} 148 31 9

5. Conclusions

The impetus for this work was to develop a low-volt-
age FIR laser source. Calculations show that such a
device is easily realized with current technology. Intro-
ducing the semiconductor resonator has a number of
advantages beyond reducing the Cherenkov threshold.
There is improved gain at the low voliages. Finite dc
resistivity should eliminate the charging which has been
problematic in earlier < 200 keV experiments. Matenal
availability and fabrication techniques are in excess of
any potential resonator requirements. Finailv. intrinsic
semiconducting properties accommodate a host of
potential improvements such as a variable-depth guid-
ing layer. tunable dielectric constant. remote modula-
tion and miniaturization.
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