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Stimulated terahertz emission from group-V donors in silicon
under intracenter photoexcitation
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Frequency-tunable radiation from the free electron laser FELIX was used to excite neutral
phosphorus and bismuth donors embedded in bulk monocrystalline silicon. Lasing at terahertz
frequencies has been observed at liquid helium temperature while resonant pumping of odd parity
impurity states. The threshold was about two orders of magnitude below the value for
photoionization pumping. The influence of nonequilibrium intervalley TO phonons on the
population of excited Bi impurity states is discussed. 2@02 American Institute of Physics.
[DOI: 10.1063/1.1476955

Semiconductors doped by shallow level Coulomb cenground state. Such a scenario provides the depletion of the
ters are promising media for terahe(@Hz) light amplifica-  2p, and 2 states and leads to a negligible population of the
tion and stimulated emission. Up to the moment the main s(E,T) states. Hence, the population inversion between the
activity has been concentrated on phosphdi®sand bis-  higher excited states and thes,22p,, 1s(E,T) states is

muth (Bi) donors embedded in single crystalline silio®)  gypected:5 Recently THz lasing has been obtained from the
excited by CQ laser radiation. Both, THz spontaneous and p.—1s(E,T) transitons in Si:Bi under CO laser

3\}3;'%2;‘233'0;”3&8;% orilnl\rlltt)rlsgzntirt;tggcalhgjgs|tk|)0er;s umping® The drawbacks of the CQOaser pumping, which
identified >

There are two basic mechanisms that may cause the
population inversion of charge carriers between the impurity
states. The first one is based on the suppression of the acous-

tical phonons assisted relaxation of the optically excited LD
electrons over the localized states with the increase of the ggﬁ. =
energy gap between the levels. Such a bottleneck effect oc- ° 11

curs for the lower excited states of the impurity center. In D 1s©) E

Si:P it leads to the overpopulation of thpRstate and THz 2p. i ==
stimulated emission on thepd— 1s(T) transition under op- 2p, = 1s(M'\

tical pumping at cryogenic temperature¥<(15 K) [Fig. \

1(a)]. A similar effect can be expected for Si doped by As, 1s(E) i X
Sb, Li shallow donors as well. Another mechanism for popu- 1M || HIRN
lation inversion is predicted in Si:HiFig. 1(b)] due to the A, .
strong coupling of both B, and % excited states with the 1s(A)

1s(A) ground state via intervalley TO and LO optical pho- (a) ()

non resonant mteraCtI&Spontaneous emission of optical FIG. 1. Scheme of optical and nonradiative transitions in &)Rind Si:Bi

phonons makes the lifetimes of th@pRand 2 states €x-  (b) under intracenter excitation and photoionization pumping: broad arrow
tremely short (10'?s), dumping carriers directly to the down—THz emission; arrow up—FELIX pumping; diagonal solid arrows—
acoustical assisted transition; diagonal dashed arrows—low probable acous-
tical assisted transitions; dashed vertical arrow down—optical phonon as-
aE|ectronic mail: heinz-wilhelm.huebers@dir.de sisted transition.
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TABLE I. The parameters of the Si samples.

Sample
Net doping geometry
Si Dominant concentration IXbXc Compensation,
sample impurity (cm™3) (mnr) Na/Np Doping procedure

1 P 3x101° 7XTX5 <0.01 During crystal growth

2 P 3x 101 7X5x1 0.35 Neutron transmutation
doping

3 P 3x 101 7X5x1 <0.001 Neutron transmutation
doping

4 Bi 10'6 7XTX5 0.1 During crystal growth

5 P 9x 10* 7X6X5 <0.01 During crystal growth

6 Bi 10% TXTX2 S During crystal growth

in fact leads to photoionizatiofground impurity state-to- Ge:Ga photodetector was placed behind the Si crystal.
continuum excitationis twofold. First of all the absorption Sample Nos. 5 and 6 with ohmic Sb—Au contacts were used
cross section is smafk4x 1016 cn? for Si:P)® compared  for photocurrent measurements.
to that of intracenter—i.e., between impurity localized Figures 2 and 3 present the dependencies of THz emis-
states—optical transitiongéas high as about 18°cn?).”  sion from Si:P and Si:Bi samples on the pump photon energy
Second, the photoionization leads to the creatioD 6fcen-  for the different levels of pump power. The threshold char-
ters (neutral donor with an extra electrowhich are good acter of the emission signal has been found for Si sample
absorbers of THz radiatichBoth factors increase the pump Nos. 1-4. The presented data reveal that the most effective
threshold for stimulated emissidr. pump frequencies correspond to donor intracenter absorption
The aim of the pump experiment at the Dutch Free Elec{jnes, except the case withs(A) — 2p, pumping for Si:Bi.
tron Laser Experiment, FELIX, is to compare the efficiency  The lowest value of the threshold pump power density
of intracenter and photoionization pumping for the generawas 50 W/cri, measured at the entrance to the light pipe.
tion of laser emission and to investigate the intracenter reThjs has been realized by directly pumping into thi 2tate
laxation of photoexcited carriers. Tunable mid- and far-of sj:p (sample No. ® The corresponding flux density of
infrared radiation from FELIX gives the unique opportunity g 2x 102photorx cm™2x s~ ! is much smaller than the so
to perform the appropriate measurements. The FELIX radiagyr |owest observed threshold of x40 photorix cm™ 2
tion consisted of 6-@&s long trains 0f6—8 ps long micro- 51 for pumping with a CQ laser(pump photon energy is
pulses aa 1 nstime interval at a repetition rate of 5 Hz. 125 and 117 me)\2* Figures 2a) and 2b) allow to compare

Frequency scans covered donor intracenter absorption bangss |aser thresholds of THz emission obtained from Si:P
of 25-36 um for Si:P and 17-22um for Si:Bi. Several

silicon samples have been investigated. The most important

parameters of the samples are listed in Table I. The samples @ 2p, 2p,, 3p, 4P, 3p,. continuum
were shaped in rectangular parallelepipeds wittb X c di- l

mensions and with the facex b perpendicular to th¢111)
crystal axis. The facets were polished parallel to each other
within 1 arc min accuracy forming a mirrorless Fabry—Perot
cavity. The refraction index of silicon 3.4 provides the reflec-
tion coefficientR=0.3 for normally incident light. Without
the polished cavity stimulated emission was not observed.
Investigated Si samples were immersed in liquid helium
(LHe). The FELIX radiation with a beam in diameter of 1 cm
was guided to the samplexb facet by a 70 cm length and 1
cm inner diameter stainless steel light pipe. A step attenuator
was used to change the incident power. The photon flux den-
sity, averaged over a macropulse was derived from the time
averaged FELIX output, as measured with a joulem¢ier
ergy Max 500, Molectronin front of the light pipe. The
exact power at the position of the crystal is not precisely
known, which finally limits the precision of the measure- 10
ments. THz radiation emitted from the Si cryskeX ¢ facet o 3'6 3'8 4'0 TR 4-6 4-8 523
was registered by a LHe cooled Ge:Ga detector, with a maxi- FEL photon energy (meV)

mum detectivity in the wavelength range of 50-12f.

However, this detector still has a finite sensitivity at theFIG. 2. Dependence of the signal on pump power and frequency for com-
shorter wavelenghs, and therefore Gaind AL, fiters  PETSSe el Mok s bneorperencs S sarpie e Sores,
have been used to prevent the pump radiation to reach thé

LIX wavelength step scan. Saturation of the emission from Si with in-

detector. For alignment of the FELIX beam an additionalcreasing pump intensity is due to the saturation of the Ge:Ga detector.
Downloaded 17 Aug 2010 to 131.180.130.114. Redistribution subject to AIP license or copyright; see http://apl.aip.org/about/rights_and_permissions

0dB

8B
__A A 15dB
BB
3 36 38 40 42 44 46 48 50

Si:P emission (a.u.)

Py
(=2
p=A

Si:P emission (a.u.)
o
W




3514 Appl. Phys. Lett., Vol. 80, No. 19, 13 May 2002 Shastin et al.

4p_continuun can be explained by the larger absorption cross section for
2y ZPT 3pT3T+" pf/’ | resonant pumping2x10~*cm?,” vs 4x10 6 cn? for
ER l Si:P). The most effective pumping for Si:P is into th@g
2 048 state. The fact, that the threshold differs not dramatically for
§ 3dB pumping into the p-. or in the 3, excited states, confirms
€[ the cascade character of the relaxation through the ladder of
;%’ excited states. It indicates that excited carriers gradually lose
® 13d8 their energy being finally trapped on the most long-living
I . L . . state, i.e., Py. This is in a good agreement with the theo-
60 64 68 72 retical predictiont On the other hand, the measurements on
FEL photon energy (meV) the Si:Bi samples revealed unexpected results. First, the

FIG. 3. Dependence of the Si:Bi signal on pump frequency for differentth_r('jshc'Id Values_ of photon pump ﬂux_ den5|ty_ fo_r Si:Bi and
pump power levels. Si:P are approximately the same, while the lifetimes of the

involved states differ strongly. The estimated lifetime of the
2p, state in Si:P is 1.510 8 s (Ref. 3 and the lifetime of

samples w?th the same doping con_centration, but diﬁeren{he 2. state in Si:Biis about 10° s.° But the most striking
compensation. Crystal Nos. 2 andRig. 2@ and 2b), re- ¢t is the stimulated emission observed for the direct exci-

spectivelyl show a different behavior when the pump phOtO”tation into the D, state, which has to have an extremely

energy exceeds the photoionization edged6 meV). The oot time of life due to emission of intervalley TO phonons
absence of THz emission in the uncompensated crystal No. g, 5-12 5)8 Additionally, the photocurrent measurements

might be due to the effect of a largBr™ center concentra- rqve that for the B, pumping no free carriers are created,
tion and the related THz absorption, which is higher than iny, jonization of Bi centers cannot be the cause of a large
the compensated sample. Stimulated emission from Si:B. ation of the .. state that could result in emission. The
when pumped with maximum power from ground t0 €on-|aging can be explained by overpopulation of tha, Ztate.
tinuum states d.s.—cont.) was observed only for compen- We suppose that reabsorption of TO phonons by the impurity

sateq samples. In addition, the laser threshold pump powel,iars (phonon trapping produces additional pumping.
density was lower for the compensated crystal (50 WHowever, a long (10%° s) lifetime of nonequilibrium inter-

><cm72) than for the uncompensated crystal (100 W\qjey optical phonons is required for such a process.
xXcm™<). The results of FELIX wavelength scan measure-
ments made for Si:Bi are presented in Fig. 3. Unlike Si:P,  This work was partly supported by the Deutsche Fors-
stimulated emission from Si:Bi is found to be strongest wherchungsgemeinschaft and the Russian Foundation for Basic
pumping into the P. state(pump photon energy is-64.6  ResearciRFBR) [joint Grant Nos. 436 RUS 113/206(®)
meV), with the lowest threshold photon flux density 1.6 and 00-02-0401]) RFBR Grant No. 02-02-16790, INTAS
X 1072 photorx cm™2xs™ 1 (~170 Wxcm™2). In addition, ~ Grant No. YSF 00-239 as well as the European Union TMR
lasing occurs for direct excitation of thepg state with a program “INTERACT.” The authors would like to thank M.
pump photon flux density of 1:810°° photorkcm ?xs ! F. Kimmitt for discussion of the results and technical advice
(1700 Wx cm™2). This is one order of magnitude higher during experiments. S. G. Pavlov gratefully acknowledges
than for the .. state. support through an Alexander von Humboldt Stiftung.
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