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Theory of a strained p-Ge resonant-state terahertz laser
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A theory of a straineg-Ge resonant-state THz laser is developed. A comprehensive study of the processes
leading to the stimulated THz emission in straine@Ge under an electric field applied is presented. The
distribution functions of light and heavy holes are found. The scattering by optical and acoustic phonons, as
well as resonant scattering by charged impurities are taken into account. The steady-state hole distribution
functions are used to calculate the generation-recombination coefficients which enter into the system of rate
equations for the localized states populations. The populations of localized and resonant acceptor states are
found. The conditions for population inversion are investigated. The optical gain calculation is carried out
taking into account main optical transitions in the THz spectrum range.
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[. INTRODUCTION continuum of the valence band and becomes resonant. In an
external electric field, localized states are depopulated due to
The spectral region between 1 and 20 THz remains thémpact ionization, while the resonant states are filled by
area of intensive research during the last two decades. THoles due to coupling with the states of the valence band
radiation delivers important information on processes in solcontinuum. As a result, the intracenter population inversion

ids, outerspace, biological objects, and can be used for median be formed and the THz stimulated emission occurs via
cal imagingt Up to very recent, available sources of the Optical transitions between the resonant and localized accep-

THz radiation included C@pumped molecular or Raman tor states. The idea of the resonant-state Iasgr can be realized
in a variety of systems. For example, in lattice mismatched
Si/Si_,Ge /Si quantum wells delta doped with boron the
ombined effect of confinement and internal strain results in
e splitting of the acceptor levels and formation of acceptor

gas lasers,free electron lasers, backward-wave oscillators
(BWO's), and Schottky diode multipliefsp-Ge hot-hole la-
sers ugder simultaneously applied electric and magneti
' 7 ;
o e & jesonan sists, s o hose n saetie Receily 3
T ) ASice single QW resonant-state laser has also been
ation in semiconductors and superconductors, as well as if,5ji;622.23 pespite the lower power of the emission of the
nonlinear ~ crystals  under intensive  femiosecondgige RSL in comparison with the AlGaAs/GaAs QCL, one
excitation?~** Some attempts were made to utilize nonlineargpqq take into account that the active region of the RSL in
photomixing of two infrared or optical pulsé&:*All these ~ Ref. 22 consists of only one QW and the structure itself is
sources were either technically complicated or limited inmuch simpler to fabricate.
power. Moreover, main part of them could not produce tun- The mechanism of operation of th®Ge RSL is sche-
able coherent cw radiation at frequencies above 1.5 THzmatically shown in Fig. 1. Processes, which should be stud-
Thus, many possible applications of the THz radiation havéed to understand the laser operation, are the resonant state
been hampered by the lack of compact, low-consumptionformation, hole transport and resonant state population, im-
tunable, solid-state terahertz sources. pact ionization of the localized acceptor states and their
Recently, the activity towards the quantum cascade THpopulations, rates of possible optical transitions with ener-
laser(QCL) on the basis of SiGe/Si and IlI-V heterostruc- gies in the THz range. Several theoretical papers were de-
tures has been startéd'®and AlGaAs/GaAs QC THz laser voted to the analysis of the strainpedGe RSL. The forma-
has been fabricated. tion of acceptor resonant states and their characteristics such
Very promising from an application point of view is the as energy position, lifetime, resonant scattering, and capture
strainedp-Ge THz lasef® which gives possibility to tune amplitudes were studied—2® Transport of free holes in an
THz emission wavelength by applied stress. Breakthrough iexternal electric field in the presence of the resonant scatter-
the development of such a source is related with demonstrang was considered and hole distribution function and reso-
tion of the first widely tunable cw straingiiGe THz lasef!  nant state population was calculated in Ref. 27 However, no
In result of this work, a new type of solid state lasers,calculations of the impact ionization rates, the localized state
namely, a resonant-state lag@&SL), has been developed. populations and the optical gain in the THz frequency range
The mechanism of operation of the straine@Ge resonant- have been performed so far to eventually proof that THz
state laser is the following. In strain@eGe the valence band lasing is possible from such a system. In this paper we
top, as well as acceptor levels, are split. At sufficiently largepresent an extended theoretical analysis of the strained
stress, the level split off from the ground state enters thg-Ge RSL.
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FIG. 1. The mechanism of operation of theGe RSL

Background information about valence band in strained
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will be carried out, taking into account main optical transi-
tions with energies in THz spectrum range. The paper could
serve as a guidance for optimization of the straipeGe
RSL THz laser and for development of another types of
RSL's.

II. VALENCE BAND OF STRAINED CUBIC
SEMICONDUCTORS AND ACCEPTOR RESONANT
STATES

In terms of the Bloch basisl.z/; +1/2 Of 'y irreducible

representation of the double point gro@p, the Luttinger
Hamiltonian operator describing the valence band states un-
der an uniaxial stresB alongz axis (parallel to[00]] crystal
axis) has the form

semiconductors and the resonant acceptor states is given in
Sec. Il and Appendix A. The distribution function of the light
and heavy holes in the presence of the electric field will be
found in Sec. lll as a solution to Boltzmann equation. The
effect of scattering of holes by optical and acoustic phonons,
as well as the resonant scattering by impurity states will be
included into the calculations. Then, in Sec. IV a consider-
ation of impact ionization of the localized acceptor states by
the electric field will be done to find both, the resonant states
and localized states steady state populations, and to clear out
conditions(electric field and stress valuef®r the formation

of the intracenter population inversion. Steady state popula-
tion of the localized acceptor states is established in result of
exchange by holes between localized acceptor and valence
band states, therefore the population depends on the distribu-
tion function of holes in the valence band. However, the
steady state distribution of the light and heavy holes is
formed during the time much shorter than the time of the

a-2n b ¢ 0
H (K, 2) i Ao ° (1)
B T om| @ 0 A -b
i 0 ¢ -b a-2y¢
with the matrix elements
& =-(n-29)K-(n+ 7K+,
& =-(n+ 2k - (n- )+,
E): 2\!’§'y3(kx_ i&y)&z,
&= 0.5/3(y,+ ) (ke —ik,)?, 2

formation of the steady state population of the localizedwherey;=13.38y,=4.243=5.69 are the Luttinger param-
state<8 Therefore, the steady state hole distribution function€ters, and is related to the split of the valence band &gy
found in Sec. Il will be used to calculate generation-and to the deformation potentiakyy by Eger=agP
recombination(GR) coefficients, which appear in the rate =A°{y1/my. For Ge stressed alorf§01] axis, a4 equals to
equations for the localized states populations. These rate.5 meV/kbar. Herék is the momentum operator. We have
equations will include processes of thermal capture of holeadopted cylindrical approximation for the Luttinger Hamil-
by the localized impurity states, thermal emission of holegonian.

from the localized impurity states, processes of impact ion-

The energy spectrum of the valence band of strained Ge

ization of the localized states by free holes, and reverse Auand corresponding eigenfunctions in thig basis are given
ger processes. Finally in Sec. V calculation of optical gainby

2

h
8=~ e (10 T AL+ 2yl = 260+ (5 + 37K + 4l 45~ 3K (3)
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and TABLE I. Energies and variational parameters for localized and
- - resonant states.
-b -c
172 iikr dl+ l/) a2 1 e| kel o Level Energy, meV Variational parameters, A
. vl o TR TN dL | 1s 4.22 a=95.0,b=13.0
-c b 2pl 1.19 c=178.0,d=235
B B 1s,res 4.37 o= 117.0,b,es=74.9
d? 0
heaa_ 1 €| -b hean_ L) -c 0
“ Np \“"V -c | g Nh V| b , 2,2 5l 1
0 o +1/2(r) = ———exp ¥ Ja2+72Ib . 7)
| Y "ma2o 0
ZITIOSI ZmOSh 0
d,=a, - =2K-2y7, di=a - =2,
h h As a wave function of the first exciteg@pl) localized state,
characterized byn=+1/2],=+1ji=+1, we adopt the fol-
NZ = |b|2+ |c|? + |d\|?, lowing variational function:
N =[bf? + [cf? + |2 (4) 0
1
. 2
The energy of holes is counted from the top of the LH band, P (r) = —pe-"”exp Vet 0 (8)
according to Fig. 1. mc'd
In the presence of a charged acceptor, one should com- 0
plete the Luttinger Hamiltonian with the Coulomb potential
term The indexm=+3/2, +1/2shows here which of thEg basis
states gives contribution to the impurity state wave function.
e Th ters of th functiosy bes a,b,c,d and
V(r)=-—I, (5) e parameters of the wave functioags, bes,a,b,c,d an
Kr the corresponding energies of the states are found from

. . . . variational solution of Eq(6) and are given in Table I. The
wheree is the electron charges is the dielectric constant, energiesss, &2p1, aNdsyg es are measured from the extrema
andl is the unit matrix. An approximation for the localized of the light and heavy hole bands, correspondingly. Note,
impurity states attached to the light hole band, as well as fothat all the energy levels have additional twofold degeneracy
the localized part of the resonant states, attached to the heayy respect to the sign ah.
hole band, can be obtain as an eigensolution to the We construct the resonant state wave function in the form
Schrddinger equation

R PV2= i alizmgm
[HE+ Ve(n)]8(r) = £ (1), 6) U 2 AT ed)

WhereI:|E is the diagonal part of the Luttinger Hamiltonian in t;&’m

Eq. (1). This approximation corresponds to the high stress + > l—wk,(r) (9)

limit, when the light and the heavy hole bands are effectively k' m'=£1/28k ~ & H1Y

decoupled*3! In this limit, the localized states attached to

the light hole band can be characterized by the total angulqg,hereyﬂo Capture and scattering amplitudes entering into
momentum projection at thE point equal tom=+1/2, and  gq_ (9) were derived in Ref. 26 using combined Fano-Dirac

tion, these states are characterized by the prOjeCtIOI‘l of the

orbital angular momentury and parityi. As wave functions

of the ground (1s) localized state characterized by a;1/2m= ir | 1 _ A;1/2m,
m=+1/2),=0j=+1 and the uppestsee Fig. 1 (1s,re VV ey~ (e1sres™ Egert AEy) +il/2
resonant state characterized by=+3/2, 1,=0ji=+1 we (10)
adopt the most commonly used variational functidns

1 L2412 s

22 22| 0 gtz Kk W #° _d, r)a L2312
41-53/%5('.) — bexp \p /ares+22/bre 0 , K-k’ v \“J\r/ 2mo Nl(k/)
0 (k )ak1/2 3/2J
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T-1/2,+1/2
t+1/2,—1/2: _ Vk’k _ W_i’ﬁ_z d. [C*(k/)a;l/2,+3/2
o VooV amNi(k)

_ b(k/)a:(-l/Z,—3/2—|. (11)

Expression fors; 2™ and for the matrix elements are given
in Appendix A. Expressions foAE, andI'y have been de-
rived in Ref. 26. The first terms in the expressiqh$) for
tﬂlr,” describe elastic scattering by ionized impurities in Bor
approximation. One can see from HGO) that the hybrid-

ization of the continuum light hole states and the resonanfVk«’ obtained from the,

PHYSICAL REVIEW B70, 115209(2004

and are shown in Fig. 2. From Fig(& one can see that the
capture into the resonant state is absent when perpendicular
to thez axis component of the hole momentum is zero, i.e.,
when the hole moves along the stress axis. In this case, hole
states in the light hole bandqg. (4)] have no contribution
from the basis states.;, and cannot be coupled with the
resonant state&ﬂ’zs(r). One should mention that the com-

1sre:
plete expressions for the scattering amplitudes in &Q)

nincludes also scattering by ionized acceptors in addition to

the resonant scattering. Thus, the total scattering probability
v in a way similar to Eq(13)

(1s,res state results in the shift of the resonance positioralso includes both types of impurity scattering.

from e15esbY AE,, which is a function ok. I'y has meaning
of the resonance width. The ener@y of the impurity in-

IIl. KINETICS OF HOLES IN THE VALENCE BAND

duced resonance in the light hole band can be defined as a

solution to the equation

Eo+ Eger— E1sres™ AE(Ey) =0. (12

The results of such procedure were presented in Ref. 2
Then, one can take the value of tlhg at the resonance
energyE, as the resonance width.

In general, behavior of holes in the presence of an exter-
nal electric fieldE directed along axis should be described

within the density matrix formalismrk“m', because of strong
&pin-orbit interaction, which results in mixing of the degen-
erate valence band states. However, it was shown in Ref. 25,
that the equation for the density matrix can be reduced to the

Probabilities of capture into the resonant state and elastiBoltzmann kinetic equations for the sum of diagonal ele-

resonant scattering are given by the equafdns
— |4+ 1/2,+3/ 1/2,-3/
Wkr_|a; " ﬂ2+|a; 12!

+1/2,+1/22
resk-k’

+1/2,-1/.
resk-k’

2w
Wi ==t +egeic ) oei =), (13)

Wheret?;’g,‘(/_k, are the resonant scattering amplitudes given b
the second terms af'lz”,' [see Eq(11)]. The probabilities in
Eq. (13) can be presented in the form

& )2
Kodres
(el —Ep)?+T?4

- 167Tar29é3 res (
\

w(k),

kr

ﬁA
amial W(k) (k")

res

2_77 210( 77'a'rzepres) 2
V2
=l

V\/’eS’ -

k-k %
&

(e~ Eo)* + /4

Kodres

5(s|k - slk,), (14)

where w(k), W(k), and #(k’) are dimensionless functions
which describe angular dependencies of the probabilitie
These functions are given by

o)
- KoQres
1678 Dres

W(k) = w(k)(a%d,)?,

_ bk +[ek)[?
NZ(k")

W(k) (|A;l/2’+1/21 + |A;l/2’_1/2b2,

1
[1+(Kybred? + (K| Bred 1
(15

(k")

ments of the density matrix
I —  +1/2+1/2 -1/2-1/2
=P~ i ,

fE — P;3/2+3/2+ PE3/2_3/2. (16)
which give the total population of both degenerate states in
yeach band at givek. It was also derived in Ref. 25 that in
Born approximation the scattering term in the equation for
the density matrix can be converted into the standard colli-
sion integral, which involves the distribution functions de-
fined by Eq.(16). This is also valid for the resonant impurity
scattering, which appears beyond the Born approximation,
provided that the concentration of scattering centers is low
enough to consider each scattering event independently.
Thus, in the presence of an external electric field directed
along thez axis, both acoustic and optical phonon scattering,
as well as resonant impurity scattering, the total occupation
probabilities of the lightf, and heavyf{ hole band states
should be found from the following coupled Boltzmann ki-
netic equations:

esaty _

|
—E = (VN \le,lk'fkr_VNAfLE Wik’ 1k | 0w
Bk, X X
S. o .
+ 2 BW - 2 Wi (17)
N =lhk! N=lhk!

where \=I|,h denotes light and heavy hole bandg,
=ac, opt denotes scattering mechanistg,},,, is the
probability of inelastic scattering with emissidm) and ab-
sorption(-) of acoustic phonons\.l\/i’ﬁfh,k, is the probability

of scattering due to emission of optical phonons, ahds

the concentration of acceptoM), . are the full probabili-
ties of elastic scattering. We have adopted the cylindrical
approximation for the energy spectrum of the valence band,
therefore the dispersion relations given by E8). depends
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only onk, andk, = VKG+IC components of the hole momen- o ;X V2 B

tum in the coordinate system with axis along the stress —__z1 :( 2f f K, dK, dkKWi i f
direction. Nevertheless, the distribution functidijsin gen- ho dk, (2 )

eral, depend on all three componentkpbecause the prob-

abilities of scattering due to interaction with acoustical (2 )2 J J k' dk’ deV\/,k K Jkjk )5)\,

phonons depend on the difference between polar angles
and¢’ of momentek andk’. To neglect dependencies of the
distribution functions on the polar angles, we integrate the t o2 (2m)?
kinetic equations in Eq(17) over ¢, introducing average
distribution functions

JJkI dk; de )\kk )\’kzk’ kk’L
I,h

k"L(z )22 jjk K, AW e,

N'=lh

o 1 2w
e :qu fhde, (18) (19

z L
0
whervek KKK are the scattering probabilities averaged

either over¢> or d)’ scattering probabilities. Such averaging
which only depend ork, and k,. In result, the system of is possible due to dependence of the scattering probabilities
kinetic equations in Eq.17) takes the form only on the difference betweefi and ¢’. From now on we

N =

115209-5
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skip the bar in Eq(19) and denote the averaged distribution AE
functions byf}.

We define the population of the resonant stitef’/?
+f; 12 as the total probability to find a hole in the localized \
parts of the degenerated hybrodized stal§2?, which is i >

related withf (Refs. 26 and 27 Ee

fr =2 Wi, (20) &0 |
k

whereW,, is the probability of capture into the resonant state &
given by Eq.(14). We assume that Ge sample is doped with

Ga acceptors of concentratid,=10* cm™ and contains @)
compensating donor impurities of concentratioNp

=102 cm®. The distribution functionsfy , ,fi, and the R TR
resonant state populatidip should satisfy the normalization % e, [x, Yz
condition P, y . y €9
A A

1 1 < le, Ix

o2t J2 A No+ P =p o A

\ k \ k

\J \ A /
or p1 g
(b)

pi+pn+ (Np +p)f,=p, (21
FIG. 3. (a) Coulombic impurity in an external electric field and

where p is the concentration of holes in the valence bandine “two-level” model.(b) Schematic representation of the “two-
including holes populating resonant stapg.and p, are the  |evel” model for the impurity level structure and processes deter-
concentrations of holes in the light and heavy hole bandsmining populations of the levels 1 and 2.
Np+p is the concentration of unpopulated acceptors, which
can capture holes into the resonant states. At this stage the 3 ~
concentratiomp is unknown, because it depends on the popu- a”’A+A(Np +p)f, =p. (26)
lations of the localized states, which should be found fromUsing Eqs.(24) and(26), one can express via p,
the system of rate equations. Therefore, we present distribu-
tion functions in the form a3+ Npf,

_ P=p—— ~ (27)
fh = Af}, (22) a’N - pf,

whereA is a normalization constant aFiiﬁlzkL are normalized
by the condition IV. LOCALIZED STATES POPULATION

e The cw operation of the straingp-Ge THz laser was
fdk(fk +f) =N +Np=1. (23)  realized at electric field values below 10 V/cm, i.e., at volt-
ages just above the impurity breakdown threshold. It was
showrt®29 that the “two-level modef® for impurity level
— ok T 72 _ : : structure should be used in order to describe adequately
where a=2mefi wop 1/ ar]d _E"pt__hwom |§~the optical populations of the impurity levels and S shape of the current
phonon energy. Thus, the distribution functii}g ~can be voltage characteristics in the breakdown and post-breakdown
obtained from Eqgs(17) completed with the normalization regimes. According to the model, we consider ground impu-
condition in Eq.(23). When the kinetic equation is solved, rity level (1s) as a separate level with energy, but all the
the concentrationg, andp, are given by excited levels are combined into an effective level with en-
_ _ ergy e, and degree of degeneragysee Fig. 8a)]. For shal-
= a®AN, - py=a’AN,. (24) low acceptors the energy distances between the excited states
From Egs.(20) and(22) one can obtain normalized reso- are very small, therefore one can assume that all these states
nant state popuIatioNf} have the same popula_tlon as the effective level with thg en-
ergy e,. We also take into account Pool-Frenkel effect, i.e.,
~  Va? o the decrease of the impurity ionization potential by the
f = 2P f Ak Wi, fi - (25  amountE.=2(e3¢/ ko) /2 [see Fig. 8a)] in the external elec-
tric field £. Thus, as the degree of degenergoye will take
Taking into account Eqg22), (23), and(25), the normal- the number of excited Coulombic states with ionization en-
ization condition Eq(21) becomes ergies larger that, multiplied by the degeneracy factor of

(2m)®

Here we have introduced dimensionless momenkurk / «,
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each level in respect to angular momentum. Let us introduce g,=-4.34 meV,
population functions of the grount,=f{¥2+f;Y? and the
excited f,=f31/2+f,Y/2 states according to the relations

fiNa=pP1 ToNag = P2, (28) The variational calculation of the energies of the localized
where p; and p, are the concentrations of impurities with acceptor stateésee Table )l gives numbers which are very
occupied ground and excited states, correspondingly. Thesgose to those obtained by E@L).
functions also account for spin degeneracy.

Trz\ge system of rate equations for tipe p;,p, has the A. Thermal emission and capture rates
form

£,=—1.08 meV. (32)

For the thermal emissioe: and capturec, rates we will

dp 5 use the expressions obtained within the “cascade capture
P PI(Np + P)Cg + P2€¢ + XoP2Py = Y2o(Np + p)pj model” (Ref. 30
+X1papy = Y1(Np + p)pf, = e(l + kE_fl_o_gg)_leEg/kBT,
B

dpz _ 2
= pi(Np + P)Cg = €gPp2 = Xopopy + Yo(Np + p)p + Xoo0iPs &2 \2
dt JelkgT__ 4
e=g P2 —— , (33

0, 377l kg T \ kot
= Yo1PiPo ~ 7'_2 + €120,
1

and
Na=No =P+ Py + Py, 9 _ M k:=0ki=0 4m ( ¢ )3(1+ 55098)-1
&= _ T '
wherec, is the capture coefficient to the energy legglin P 3loksT\ wof keT
the presence of the electric fielg; is the thermal emission (34)

coefficient from the energy level, in the presence of the | . . _—
electric field ey, is the thermal emission coefficient from the Wherefiy (k;=0.k, =0) is the value of the light-hole distri-
ground into the excited impurity levet;} defines the prob- bution function at the band to is the effective length of
ability of the transition from the excited into the ground im- hole—acoustic-phonon interaction
purity Ie\_/el due_to emission of acoustic phonof, and X, -
are the impact ionization coefficients from the ground and —__™PpP

- - - - - - lo 5/2 1/22 * (35
the excited impurity levels, corresponding, is the im- 2m’“m; “Ep
pact ionization coefficient from the ground into the excited _ 1 o .
impurity level [see Fig. )], and Yy, Y,, and Yy, are the Mg =m;"/3+2m /3 is the conductivity effective mas&y
coefficients of the reverse Auger processes. The last equatidh the deformation potential for hole—acoustic-phonon inter-
is the balance equation, which shows that the total hole corction,p is the crystal densityg is the Boltzmann constant,
centration summed over the band and impurity states is equaNd T is the lattice temperature. The probability of the tran-
to the number of uncompensated acceptors. At low values dfition 7,; between the excited, and grounde; s-type im-
the electric field, the concentration of light holes is muchPuUrity levels, accompanied by emission of acoustic phonon,
large than that of heavy holes, therefore we have assumdg given by
that only light holes contribute to the localized impurity

77
states population. To calculate GR coefficients we will use a 1 - Ezmﬁzﬁ (36)
simplified model of the isotropic and parabolic light hole ™ lg  Eg ng—nf’
band with the effective mass equal to that of the density of _ )
states wheres is the velocity of sound, and;=1,n,=2.
m, __ Mo m= (m\\mi)llg (30) B. Impact ionization and auger coefficients

:—, mL
+2 - . L - .
nTere nTYe The impact ionization coefficienk,, from a leveln is

wherem, andm, are the effective masses near the top of thedefined a&
light hole band parallel and perpendicular to the stress axis.

Correspondingly, we assume the hydrogen level structure of 1V i
therrimsp ndingly, we assu ydrog vel structur X == 3[ kW L, (37)
purity center p (27)
__Es _ mé 31 whereW;(’n is the probability of impact ionization of thath
gn=" 2 BT 2122 (31) impurity level by the electron with momentukn This prob-

ability is calculated in Appendix Gsee Eq.(C6)] and is
Thus, we get given by
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FIG. 4. Cross sections of the impact ionization from the level

n=1 (curve ), from the leveln=2 (curve 2, from the leveln=1 to
the leveln=2 (curve 3 as a function of hole kinetic energy.

(38)

where the functior?,(e/Eg) is also derived in Appendix C.
One can introduce the impact ionization cross section ac!

cording to the definitior{see Fig. 4

17k o
k,n V m k' (39)
It gives for UL the following expression:
; E
o} = 16a3n° le(i> (40)
k B
Ek EB

Substitution of Egs(22), (38) into Eq. (37) gives the
following expression foix,,:

AEgl16n® [~ ™
m:——ﬂ—yf %fgf sin 6dg/ =< fwﬁ< )
P Jyz \Eg/Jo =

(41)
Auger coefficientsy,, are introduced similar to Eq37)
1 Vv J f |
dk dk" Hf If ”y
” pl (2 )6 r K"Kk Tk

Here\/\/l;\,yk,, is the Auger probability given by

W,

2T
K Kkr = W gnE |Mk’,k”,k|25(8k’ +er =g ten)),
k

(42)

(43)

whereM,. . is also given by E¢(C2), g, is the degeneracy

factor of the leveln. The impact ionization coefﬁcier)(nlnz
from the leveln, to the leveln, is defined as

1V
jwmmm,

n1n2 (277_)3 (44)

where W, ,

is the_probablllty of the corresponding pro-
cess. Calculation df\/'k’nl’n2 is carried out in Appendix Csee
Eq. (C11)]. The cross section of this process is given by

PHYSICAL REVIEW B70, 115209(2004

“‘6
EB!/

o = 2%7g
k,ng,ny n, ingaB &y

olze)

Substituting Eq(C11) into Eq. (44), the following expres-
sion for X, ) is obtained:

(45)

AEg2’ ®°
P hom gnznlnz

xf f sineded(ﬂ%/ﬂ\’?
212 Jo Eg =

1ni-1in;

”1“2

le<ﬂ,8f)?'kk | (46)
Es

z L

The coefficient for the reverse Auger process is defined as

1V , ,
Ynlnz__Wfdk W i ficr

The probablhty of this process can be obtained from (Eﬁ)
by \sk/EB and taking e /Eg=¢ +nl

(47)

by replacmg Ve!

—n2 Then, the corresponding Auger coefficient becomes
AEg2® W°
" g 7rg”2n1n2

fdsf smedewEB”Jl( ,)ksz,

(48)
1 1
ﬂ=8'+—2——2. (49
Eg ny n;

C. Solution of the rate equations

We are interested in a steady state solution of the system
of rate equations Eq29). By putting time derivative terms
equal to zero and combining three equations in(28) with
the Eq.(27), we obtain a system of four equations for four
unknown concentrationg, p;, p1,P2- This system can be re-
duced to one equation fqy

PECY1+ Y2 (Na = pr = P2)= PILXep1 + Xops =
—p2)]-pee.=0
wherep,, p,, andp are functions ofp,

_ Y1(Np + P)p? + (Yo + 733) (NA = Np = p)
' Pi(Xy + Xao+ Ya1) + T3+ €15

Co(Na—p1
(50

0, = = Y1(Np + P)p|2+ (PI[X1 + X1) + €15(Na = Np — p)
? Pi(Xy + Xao+ Ya1) + T3+ €15 ’
a*+N ?
p= p|3—~Dr- (51
a’N; = f.p,
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4.0x10° ] tional calculations of the binding energies (dfs,re9 and

2p1 localized states at the same value of stress has a value of
21 meV (see Table ) The main reason for such a discrep-
ancy is the central cell potential effect which leads to an
increase of the energy aftype states having maximum of
their wave functions at the impurity site. For example, the

3.5x10™
3.0x10™

& 2.5x10™ 1
©

52'0“04_ experimental value of the binding energy of Ga impurity in
1.5x10™ 1 unstrained Ge is 1.5 meV higher than the value given by the
1.0x10™ effective mass theory. The resonant acceptor states induced

5] by a short range potential were studied in Ref. 36. It was

5.0x10 ; . )
00 shown, that in opposite to the case of the resonant state in-
00 05 10 15 20 25 30 35 duced by the Coulomb potential, the resonant state induced

Electric field, V/em by the short range potential does not become attached to the
heavy hole band. Instead, it is located in the middle of the

FIG. 5. Electric field dependencies of populations of the local-energy gap between the light and the heavy hole bands and,
ized Is (dashed ling 2p1 (solid line), and resonantdot line) states  therefore, its binding energy increases with increasing of the

at P=4 kbar. stress. This shows that one can expect much stronger effect
of the short range part of the total impurity potential on the

Thus, at given value of the electric field, the populationlowest resonant state binding energy than on the localized
functions?L :ﬂ( are obtained as a solution to the system ofacceptor states. In this paper for calculation of the ggin.spec—

Boltzmann equationgl7). Then, the GR coefficients are cal- 'um we take the value ofls,res resonant state binding

culated using the light hole population functi?bb Finally, energy equal to 12 meV o fit the experimentally measured

Eq. (50) should be solved to obtain light hole concentrationvalue of the energy of the quantum for the above discussed

and, then, the populations of the localized states should b%ptlcal transmon', because the exact valpe of the energy of
found from Eq.(28). Guantum determines the valu_e of absorption, and correspond-
One should notice here, that at certain values of the elec'pgly’ the value of t_he_net gain. .

To calculate gain in the THz frequency range, optical

ric field, Eq.(50) mgy.have mulyple 59'““0’?3- It results in transitions between the states of the light and heavy hole
Stypel-V characteristics op-Ge in the impurity breakdown . .
: : . . . . bands, between the light hole band states and the localized
regime. This question for unstraingdGe was investigated
in Ref. 28. The specific feature of this regime is that theacceptor states, as well as between the resonant states and
Lo P 9 localized acceptor states will be considered. All these optical

population inversion between the excited and ground local: " : .
! . . transitions can be considered as the intravalence band tran-
ized states, i.ef;, > fy, could be achieved.

Ei e , §itions. Gain coefficieng(fw) will be a sum of the gain
gure 5 shows calculated electric field dependencies o g . . .

the localized and the resonant states populationsP at cpefﬂments due to the intravalence band transitions with the
=4 kbar applied alon§001] axis. One can see that the popu- given energyw

lation of the localized states decreases with increasing of the

electric field while the resonant state population increases. g(iw) = gy(hiw) + g 1(iw) + g op1(fiw), (52
Starting from the electric field approximately equal to 1

Vicm intracenter population is realized. However, opticalwhereg, (o) is the gain coefficient for the heavy-to-light
gain at frequency corrgsponding to the transition betwee_n thgole optical transitionsg, 1s(fiw) andg; py(fiw) are the gain
resonant and the excited localized state appears only if thg,e to the optical transitions between the light hole states
gain due to the intracenter transition is larger than intravazng 1s and 21 levels, correspondingly. The gain coefficient

lence band absorption at the corresponding energy. This algyr the heavy-to-light hole transitions is given3y®
sorption plays the role of internal loses in the system. Other

absorption mechanisms will be discussed below. At this

. - - 47% 1 ~
point, we can conclude that the net THz gain may be realized Oy () = —= > K1, k,m’|e - k|h,k,m)[2
at electric field stronger than 1 V/cm. nfmgwc V. 7
m=£3/2,
m'=+1/2
V. THZ GAIN ,
X(fe™ = ™) X Slef — ey — hw), (53

The experimental study of the stimulated emission from
strainedp-Ge was accomplished in Refs. 20 and 21. Analysis . . .
of the experiments showed that the strongest optical trans}’—vherec IS thg spged of I'ghm’ Is the fre_e el_ectron mass,
tion takes place between this,res and 21 localized Is the refractive index, and is tkle polarization vector. Ma-
states. The energy of quantum corresponding to such trandfix elements of the operatoe-k in the I's basis can be
tion measured at stress value of 4 kbar equals to 10 me@btained from the Luttinger Hamiltonian Eql) for un-
provided that the stress is applied alofitl1] direction.  strained semiconductors by replacikg; with the following
However, the energy of the quantum derived from the variacombinations:
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Rlz - (aRi)y

Calculation of the light and heavy hole distribution functions
in the presence of the external electric field performed in
Sec. lll did not reveal population inversion between the light
and heavy hole band states corresponding to the arte
means, that the value @f, should be negative and it gives
the magnitude of the intravalence band absorption. The cor-
responding optical transitions are the mechanism of losses.
Another mechanisms of losses might be indirect phonon or

-1

Gain, cm

impurity assisted optical transitions which occur within the -3 4 O
light or heavy hole bands. Calculation of the absorption co-

efficient due to such transitions should be done within the 0 10 0 ' 30
second order of the perturbation theory. In what follows, we Energy, meV

will first calculate the value of the THz gain due to first order
transitions and then compare the obtained result with the FIG. 6. Gain spectra for electric field strength 2 V/¢solid
estimated value of the absorption coefficient due to the sedine) and 3 V/cm(dashed ling The stress applied is 4 kbar.
ond order transitions.

Expressions fog, 14(fiw) andg, o1 (hw) are similar to Eq.  center transitions from the loweéts, reg resonant state into

(53): 2pl excited localized state of the same impurity. The fre-
a2 1 R quency of this peak does not depend on the electric field
Oaszpn(w) = —5—= > [(1s(2p1),v,m’[ek]l,m,k)[? strength. The peak at longer wavelength is related to the
nmgacV =, band-to-impurity transitions and moves towards the higher

m=£1/2, energies with electric field getting stronger, because the dis-

m'=+1/2 tribution function maximum also moves to the higher energy

Im o em | region reflecting hole heating effect. The main peak in the
X (B = Fispn), ) X 8lek — easi2pr) ~ ), gain spectrum corresponds to the main peak in the spectrum

(55) of stimulated emission measured in Ref. 20. However, no

] ) spectral lines in the low-energy spectral region were ob-
wherev denotes degenerated localized states in respect to th@ryed in these experiments. One possible reason is that the

orbital angular momentum. In the presence of the resonanyy energy spectral region does not fall into the sensitivity
states, one should tak(r) defined by Eq(9) as the wave pand of the detector used in these works.

function of the light hole band statgkm,k). This wave Thus, the calculations show that the positive net THz gain
function contains contributions from the localized statesque to the optical transitions between tfis, res and 1

Pl res At energie&:'k.close to the resonance enerBy and  |ocalized states of acceptors in straiqe@e can be realized
scattered wave, which can be combined with the plane wavey stress value of 4 kbar. The magnitude of the gain is about
When the energy of a light hole is far frol, Wr) is 1 cnrl. However, to make the final conclusion about the
reduced to the light hole band states wave function, which igossibility of THz stimulated emission due to the intraimpu-
perturbed only by the elastic Coulomb scattering. Thus, theity optical transitions in straineg-Ge doped with boron
matrix elements in Eq55) will consist of two terms, which  acceptors, we should compare the value of the calculated
can be attributed to “band-to-impurity” and “impurity-to- THz gain with the values of other loss mechanisms. As we
impurity” types of optical transitions. One should notice discussed above, the other possible loss mechanisms include
here, that for the transition teslocalized state, only the first intravalence band absorption due indirect phonon or impurity

“planewave-like” term in Eq(9) gives nonzero contribution  assisted transitions. The value of the absorption coefficients
to the matrix element. Contributions from the localized partque to such transitions can be calculated by using the

and scattered wave vanish due to the selection rule in respegkpressio#/
to parity. As wave functions of the localizeds and 21
states we adopt the variational functions given by E@s. _ nrwzgys
and(8). In this work, we are interested only in relation of the Posd @) = c(w?+ ¥’
strongest spectral line observed by Altukhetval. with the s
spectral regions characterized by the positive value of thavhere wp,=4mpe?/(mn?) is the plasma frequency, which
gain coefficient. Therefore the optical transitions between theorresponds to the carrier concentratignn the light hole
resonant and the other excited localized acceptor states apand, m is an approximation for the light hole effective
excluded from the consideration. mass, andy is the reverse scattering time of light holes due
The results of the calculations of the THz gain are showrto interaction with acoustic phonons or ionized impurities.
in Fig. 6. One can find two regions of positive gain value.As a value of the light hole effective mass, we will take the
The main peak at the higher energy corresponds to the intralensity of states effective mass given by E2). The scat-

(56)
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tering probabilities due to the interaction with acoustic Nonequilibrium population of the localized acceptor states
phonons and ionized impurities were calculated in Sec. lliwas obtained as a solution to the system of rate equations
and do not exceed values ¢f=10'' s™%. To get an estima- within the two-level model for impurity level structure. Con-
tion of plasma frequency, we take the concentration of thalitions for the formation of the intracenter population inver-
light holes equal to that of acceptor impurities. Thus, thesion have been studied as a function of the electric field and
value of the plasma frequency ig,=5X% 101 s Finally, external strain. We have observed that the population inver-
we obtain aj,<=0.013 cm?® as the maximum value of the sion is formed in a wide range of the electric field values
absorption coefficient due to the second order indirect tranand, therefore, could be easily achieved. The net gain from
sitions at the energy of quantufiw=10 meV corresponding the sample at the THz frequencies was calculated using the
to that of the intracentefls, res-$1) transition. This value nonequilibrium hole distribution function and the localized

is much smaller than the gain due to the first order intrastates population. The possibility to achieve net THz gain in
impurity optical transitiongsee Fig. 6, therefore the corre- semiconductors by injection of nonequilibrium carriers into
sponding mechanisms of losses can be excluded from thenpurity resonant state has been demonstrated. Peak THz
consideration. Another possible mechanism of losses is thgain has been calculated for different values of the electric
direct lattice absorption. However, in nonpolar crystals sucHield and strain.
as Ge, the value of the lattice absorption at the frequency of

2.5 THz is much less than 1 ¢hmand, therefore, can be

neglected®

The value of the THz gain due to the intracenter Optical This work was Supported by grants of The Swedish Foun-
transition between the resonant and the excited localized agmtion for Strategic Research, The Swedish Research Coun-
ceptor states in straingutGe is much larger than that real- ¢j| (Grant No. TFR-THZ 2000-403 NorFA (Grant No.
ized inp-Ge THz lasers operating under the external crossedpp384, ISTC (Grant No. 220§ CRDF (Proposal No.
electric and magnetic fieldsThe cavity losses in both types 12655—*Resonant States and THz Emission in Semiconduc-
of lasers have similar values due to similarity in cavity de-tor") INTAS Grant No. YSF 2002-95, The Russian Founda-
sign, which utilizes the total internal reflection of the radia-tjon for Basic Research, The Russian Academy of Science,

tion propagating inside the sampfeBecause of this, the Ryssian Ministry of Science and Russian Scientific School
quality factor of the cavity has the value of about 3000-500Q Grant No. 2192.2003)2

and emitted THz power is mostly limited by the effect of
gain saturation rather than by the cavity losses.

The width of the gain peak shown in Fig. 6 equals to APPENDIX A: ACCEPTOR RESONANT STATES
0.8 meV and originates from the broadening of the resonant

S . . Here we present expressions for the quantities, which
(1s,re9 states due to hybridization with the light hole bandggave appeared in E¢LO) for the scattering and capture am-

ACKNOWLEDGMENTS

states. The calculated value of the line width compares we litudes
with that observed in Ref. 20. Another possible broadenin

mechanism is due to the interaction of a hole captured into b 1 bk/T/+,1’2’+l/2+ Ck,‘\“/—,l/2,+1/2

the resonant state with an acoustic phonon. However, our A1/2+32_y, —k _ =% K’k W,
calculations show that the major contribution to the resonant Nik V' Ni:

state life time comes from the hybridization with the band

states. The broadening may also come from the Coulomb . C SRR * 124102
interaction between the holes localized on neighboring im- 12,302\ S EE CViek b Vg W
purities. For the impurity concentration used in this work, the ¥ - kle \Vanw N ko
average distance between the impurities is in the micrometer .

range while the characteristic width of the localized state (A1)
wave function is of the order of 100 A. This shows that the\\here

broadening due to inter impurity interaction can also be ne-

glected when analyzing the spectral linewidth of the THz " 4\"7Tar2e Do

stimulated emission observed in Ref. 20. The above de-Vk = {@1sredr)|Vc(r)|€ 'r>=K—V1(kzbresk¢ares),

scribed analysis unambiguously shows that the gain at THz s

frequencies due to intraimpurity optical transitions between

. . K 0 1
the.reson_ant and Ioc.allzed states in §tra|rredie was Vy(kbrosk, 8 = f re~'dr j
achieved in the experiments described in the work of Al- 0 0
tukhov et al. —
> Cogbre ) Jo(@red FV1 —t )dt
b2 ’
VI. CONCLUSION 1 _t2<1 _ %s)

We have produced a comprehensive theoretical study of es

operation of straine@-Ge RSL. Kinetics of holes in strained ——
p-Ge under an applied electric field has been studied and Wi = (@1 red 1) |47 8V e dres
heavy and light hole distribution functions have been found. KT\ Tisre [1+ (kbred? + (K, aed?]?’
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bka, - ber;

12,4102 h(n +}+}>
View' = Vi @272

NNy wWees = 7—72
MKk A y 2pa)q,vv
* * | ! avas a 2
et biby, + Cic + dids XE/IO\ m'k’[H*qw)]xmk))|
Vk’-k’ :Vk’-k NN , mm
Ik’ Nik

X 8y k) Oley ~ £ £ oy ), (B1)

Ame? wherep is the mass density of the systemijs the phonon

———, (A2) S )

k(K" = k> +0d) wave vector,v the polarization, andh, is the number of
phonons. In the summ=+1/2 denotes the degenerated light
hole band stateé\,\'=I), andm=+3/2 does the same for
the degenerated heavy hole band stéiga’=h). The sign
“+" corresponds to the emission and “~" to the absorption of

0= (ko T/ 4rpe?) ™2 (A3)  acoustic phonons. The explicit matrix form of the electron-
acoustic phonon interaction Hamiltoniad®{qr) can be

is the screening wave vector, akglis the Boltzmann con- found in Ref. 23.

stant. The first terms in the expressions given by &) for Similarly, for the scattering by optical phonons, the tran-

the scattering amplitudes, describe the scattering due to Cogition probability per unit time has the fofth

lomb interaction with ionized impurities in the Born approxi-

mation and the second terms describe the resonant scattering oo~ _ 7_7( h >

ANk A

Vi i = (€K TV(r)]ghny =

where

>k [HOP ey amk)[28(e]

Expressions for the energy level shiftf, and resonance )
smm

2pwopV
width I'y are given by pont

_Sﬁ_ﬁwopt)y (B2)
2 2
1 <Z_d+(k,) - AE)ﬁd—(k’) wheree; is the polarization vector. Again, the expression of
AE=- o d3k’ -2 W2 the electron-optical phonon interaction HamiltonidfP{e,)
7 —Ta, (k') +a(k’)] + 2& is given in Ref. 33.
2mg
(h—zd (k') - AE)ﬁ_zd (k") APPENDIX C: IMPACT IONIZATION PROBABILITIES
1 2mg 2m,
‘F,Pfdsk' f;b The probability of impact ionization from an impurity
m Z—[m(k’) +a (k)] + 2g level n to a Bloch statek is given by
Mo
W /V ’ : 2’7T
X KTk , Wk,n:72 |Mk,k’,k"|2&8k_ |8I’]| - &k _Sk//), (Cl)
€1sres™ Eget+ AE— &y K K"
) 5 where
h h
I 1 (2—d+(k’) - Ae)z—d_(k’) .
Ez‘ﬁf = b Mk s = (K"K [Velr1 = 1) In k), (c2)

o las(k) +a k)] + 20 ! | |

Mo andV(r,-r,) is the operator of the screened Coulomb inter-

X Wi Vi 8eyr + Eger— £15res— AE). action between two holes. Calculation of the matrix element
' in Eq. (C2) gives

3
APPENDIX B: SCATTERING PROBABILITIES My i 183 /“a8”3477e21 1
< Vo ok V(k' -k[2+q)
The theory of scattering by acoustic and optical phonons
in strained semiconductors was formulated by Bir and X 1 i
Pikus33 and their results will be used here. The transition (1+agn?lk’ —k +k"[?)?
probability per unit time from th& Bloch state in the. band
to the k’ Bloch state in the\” band accompanied by the Now we substitute Eq.C3) into Eq.(C1) and integrate over
emission or absorption of acoustic phonon of frequesagy ~ polar angles of the momenkd andk’, thus introducing the
is given by function J(g, &’ ,&")

(C3
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sin ¢’ i _2m 2
gazB + aélk’ —KkP)? VV‘k,nl,nz_ 79n2§ |Mk,k’,n1,n2| ey~ |8n1| T &k T |8n2|)1

Je,e',e") = f de’
0 (q

. F , sin ¢ (Cg)
0 (1+adn?k’ -k +k"[»* where the matrix element can be obtained in the form
1 ’ 3 3 ~
_ f O 1A+B —A-B Mickr nyn, = (M2 K V(1 = 1) |ng k)
-1 [g%ag+ ¢(x')]?3B (A+B)*(A-B) B
4 gl n® 4me? 1
Vindnd « (k' =k[2+0Z
where y 1
&k &k (1+agi’lk’ —k[9?’
¢(X’):8,+E__2 S’E_X’,
B B 'ﬁ—l - nIl + ngl] (Cg)

Wheregn2 is the degeneracy factor of the levgl Integrating
the matrix element in EqC9) over polar angle ok’, we
introduce function7;(e/Eg,&’")

A=1+nqe"+ p(X)],

— 2 J"_r/ | ’
B=2n%/e"Vp(X'). (CH sin ¢

(a5 + aglk’ ~k[*)?

w
. . j1(8k,8')=f de’
Integrating over energies, one can get 0

- an’Eg_ [ & X L
Wien = 82—~ ;A(E—B) : (C6) (1 +azn?k’ - k|?)*
B f ! dx’ 1
where 1 [qZad + (<) P +7i(x) P
&x eW/Eg-1n? (C10
Il = :J \‘”8’\'ysnj(sk!s,ls")dsll H H H i 1
Eg 0 Substituting Eq(C9) into Eq. (C8) and integrating over the
energye, the following expression fo\i\/k’nl’nz is obtained
=6 53
otk L ;g0 " 3Es 7 (ak
g’ = E ~ -¢g'. (C?) kanlan_ 2 Wgnzning V7 ve'Jh EB,S ,
Substituting Eq(C6) into Eq.(37) and integrating over the g 101
energyegy, the final expression for the impact ionization co- &= E_B T2 (C1y
1 2

efficient X,, is obtained in the form given by Eg41).

The probability of impact ionization from a localized im- Substituting Eq(C11) into Eg.(44) and integrating over the
purity leveln; to a localized impurity level leveh, is given  energysy, the final expression for the impact ionization co-
by efficientanr12 is obtained in the form of Eq46).
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