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Mechanism of population inversion in uniaxially strained p-Ge continuous-wave lasers
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The recently observed continuous-wave THz lasing in a uniaxially strgir@d under weak electric-field
pumping cannot be explained by the mechanism of population inversion for pulse mode lasing from the same
sample but by strong electric-field pumping. With a theory including the carrier scattering by impurities,
acoustic phonons, and optical phonons, our calculation shows that the specific angular dependence of the
impurity scattering and the specific energy dependence of the acoustic-phonon scattering are the origin of the
population inversion of the resonant states. We thus complete the theory of population inversion in an elec-
trically pumped uniaxially strained THg-Ge laser.

Terahertz(THz) physics and technology are important to hole band is larger than the acceptor binding energy, the
radio astronomy, optical communication, medical diagnosisenergy-level structure is shown in Fig. 1. For convenience,
nondestructive measurement of spatial distribution of mobilwe have inverted the valence band, and so the heavy-hole
ity in doped semiconductors, and environmental relatedand lies above the light-hole band. The hybridization of a
problems. Driven by the needs of new devices, the problenfpcalized impurity orbital attached to the heavy-hole band
of both the high-speed noncoherent and the wideband Cohe@nd the Bloch states in the light-hole band results in a reso-
ent detection of THz radiation has been solved recentlynant state with energifo-il'/2. If E, is less than the optical-
High efficiency THz radiation sources then remain to be thg?honon energy, then in the streaming motion regime carriers
central problem. Presently available sources of THz radiatio§an be injected into resonant states before emitting optical
include CQ-pumped molecular or Raman gas lasers, freephOﬂOﬂS, resulting in the required population inversion for
electron lasers, backward-wave oscillatgrsGe hot-hole la-  asing between the resonant le®j and the impurity levels
sers, Schottky diode multipliers, and various pulsed sourceattached to the light-hole band. The so-formulated thfeory
based on ultrafast carrier and phonon relaxation in semicorexplains well the experimental observatfon.
ductors or superconductors under intensive femtosecond ex-
citation, as well as utilizing similar mechanisms for nonlin- ﬂ'-E
ear photomixing of two infrared or optical signals. Of all k
these sources, only photomixers produce tunable coherent
continuous-wave(cw) radiation with very limited output
power.

Semiconductor THz lasers will have many advantages if Eh
they can be made. Thp-Ge laser, which operates under
crossing electric and magnetic fields, was realized earlier, but E —1 g

def r

is not practical. Later, @-Ge THz laser was fabricated, and
under uniaxial stress it emits a THz radiation pulse if elec-
trically pumped with a high electric field parallel to stress
direction! The mechanism of population inversion for such
lasing, which has been shown recerftljs based on the
streaming motiorof carriers* and the formation of resonant -

states. When an electric field is applied, carriers are accel- k ? Zp k
erated by the field, but scattered by impurities as well as by **1 - 0 z
acoustic and optical phonons. With low impurity concentra- ] __Zpl

tion and at low temperature, if the applied field is high, car- E

riers will have a large probability gaining enough energy to ls

emit optical phonons. Carriers are said to be indtieaming

motionregime. On the other hand, if the applied field is low, 1s

a carrier gains energy slowly. In this case, due to the

acoustic-phonon scattering, a carrier can hardly gain enough

energy to emit an optical phonon. The resulting motion of  FIG. 1. Acceptor levels and heavy-hole baggj and light-hole

the carriers is said to be in tfeffusive regime bandEy, of Ge:Ga under uniaxial stress. The bands are inverted for
Under a sufficiently large uniaxial stress, say alongzhe convenience, and all energies are measured from the edge of the

axis, such that the split of the heavy-hole band and the lightlight-hole band.
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However, pumping with very low electric field, cw THz energy of the relevant localized impurity orbital must be
lasing was observed very recefitiyom the samples used in ETS, and the relevant Bloch states in the light-hole band have
Ref. 1, which exhibit pulse THz lasing under high electric energyE'Ok around E'l‘s. Let cp'l‘s(r) be the effective-mass
field pumping. In this case with low-field pumping, carriers envelope function of the corresponding localized accepsor 1
gain energy slowly and therefore the probability for a carriergrhital, andyi(r) the corresponding Bloch state in the light-
to reach the energf, may be expected to be very small. hole band. We construct four vector wave functions
Furthermore, by applying a stronger streSg,increases and o *32)(r) and l/,f(ﬂ/Z)(r), each of which has four compo-
so the Iasetr iﬂte”Si% is exhpected to tde;:rlease._l-{owe_;/er, _ttf}‘r’ents but only one component is not zero. These nonzero
experiment shows the enhancement of laser intensity wi h : (+312)
stronger stress. The fundamental problem is then the mech%%”‘:ﬁgefgfrt";‘fﬁgggofﬁé;?g{rsgt,g("rr)“p;’;‘j:‘;l (()f) for Ef?e
nism of population inversion. In this paper we will show that d t af(+1/2) dth ’ third y t of
the formation of resonant states remains as the key factor fosr?fcl),g) component gf ~=(r) and the thir component o
cw lasing. The population inversion in resonant states is du#k (). The resonant state can then be written as
to the specific angular dependence of the scattering of an N
electron by an impurity ion, and due to the specific energy WV t) = 2 a(tl/Zm)(t)eXF< —iEt
dependence of the electron-acoustic-phonon scattering. k ’ m<Tapm K f

The resonant state and the kinetic equation for its occu-
pation probability were derived in details in our earlier n 2 b(il/Z,m)(t)
paper’ Here we will only outline the key points. In terms of Koy
the Bloch basis ofl'y irreducible representation of the ' |
double point grougy,, in cylindric approximation, the Lut- xexp( i @t) 'J/(m)(f) 1)
tinger Hamiltonian operator for the valence band under a h ke oo
uniaxial stres$? along thez axis has the form

@M(r)

which satisfies the time-dependent Salingier equation

a,—¢ c
I vy +1/2 _: +1/2
- _x2| b a+s 0 P [Ho(K)+U(K) W, ~A(r,t)=ihoW¥, " (r,t)/ot  (2)
H = —_— . e oy + +
L(k,8) 2mg o* 0 a_+¢ -b with the initial cond|t|onsb(k;,l/2'*1/2)(0): O1/2+1/20k x and
0 . b s a{*12+32)(0)=0. Since the two orthogonal resonant states
¢ - a,—¢ W Y2(r,t) andW, Yqr,t) are degenerate, we need to study
with matrix elements only one of them. In the following we will drop the super-
R R o script =.
a,=—(y1=2y) k= (y1+ y2) (K +KD), The resonant states are formed from the resonant scatter-
ing of the Bloch states by the charge impurities. To investi-
a = _(71+2y2)R§_(y1_ 72)(R§+R§), gate the population inversion, we need to know the occupa-

tion probability f, of the localized impurity orbitals

b=23ys(k,—ik)k,,
R o f= Al T V2322 |5 (+12-302) 2 ¢l 3
C:\/§(72+’)’3)(kx_iky)2/2. r ; (| k | | k | ) k ( )

7i$ are Luttinger parameters, agds related to the split of wheref, is the occupation probability of the Bloch state in
the valence-band tofisrand the deformation potentialby  the light-hole band. In the absence of electron-phonon scat-
Eger= @P=7%2¢/my. In our notatiork is a vector ank is an  tering, the static state distributiof], satisfies the kinetic

operator. equation
In the presence of a charged acceptor, including the Cou-
lomb potential —e? er, the total Hamiltonian can be ex- e€ of |
pressed as za—kZ:Ni% W|k,|k'fkf—Nif|k§4 Wik 1k s 4

NE B o a o NN
H(k,0)=Hy(k,{) = (e%en)I=Ho(k,0)+U(k.J), whereN; the number of impurities, and/, , - is the tran-

sition probability from thek’ Bloch state in the\’ band to
thek Bloch state in the. band. Our normalization condition
is set as

whereH,(k, ¢) is the diagonal part ofi(k,¢). The eigenso-
lutions of Ho(k,¢) are labeled by quantum number m=
+3/2 for heavy-hole ban(EBvk and its associated impurity
levels Ef} , and m=+1/2 for light-hole bandEp, and its

associated impurity IeveE!,Z. Setting zero reference energy > fENif =N, )

k
at the edge of the light-hole band, these energy levels are
shown in Fig. 1. From now on we will drop the lakgln the ~ whereN is the total number of holes.
Hamiltonian operators. The detail derivation can be found in our earlier work
If carriers can survive the acoustic scattering and occupyref. 7, and here we will summarize the final results. Using
the resonant states under weak electric-field pumping, ththe commonly accepted variational funcffon
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Phy(r)= ! ex;{— Xz;zszr Z—z} @g:gzg : —_—
ma’h a b & 0050 3/_’_’—_—
for the localized acceptor orbital, and normalized plane % 0.045
wavese'*"/\/V for the Bloch statey(r) in the light hole g 0.040
band, the transition probability is derived as 2 0035 /Z/ﬂ_/’—
Wik ik = (Wi 2+ [Vid D) (Wi [2+ [ Vier| %) g g:gzg
2 5(E0k, Ebk) © @ 0.020
o (Egx—Eo)?2+T2/4)" a O 75 100 125 150 175 200 225 250
where Electric field (V/cm)
_ —(\/§h2y/m0)(kx—ik I (K). FIG. 2. Occupation probability of resonant stafesas a func-

tion of the applied electric field for different values of stress. cw
lasing has been observed in the electric-field range marked by the
W= — (V3% y/2mo) (k,—ik,)?I (K), (7)  shaded region.
; —a [CaZrv 21,2 2 1,2y 52712
with 1(k)=8 ma b/V[1+.kZb +.(k><+ky)a ]. : ..., tion probability f, of the localized impurity orbitals should
As we mentioned earlier, while the applied electric field be solved self-consistently from the following coupled equa-
may help holes to occupy resonant states, this p055|b|I|t
may be suppressed by the scattering of phonons, especial y

by acoustic phonons when the applied electric field is weak. (7f:<
The relevant theory of scattering was formulated in detail by e N>, W|k,|k,f:(, —N;ifl.> Wik 1k
Bir and Pikus’ and their results will be used here. The tran- z '
sition probability per unit time from thke’ Bloch state in the
\' band to thek Bloch state in the. band with the emission D Wac;,k, X WS,
or absorption of an acoustic phonon of frequenay, is N =1hk! x’=l,h:k’
given by N t '
p | p
e + _E_ ) fk’WIOk,A’k'_fk /2_ /Wi’k’,lk’
. ZE fi(ng,+3%3) A =1,hik N =1,hik
Medk T g & 2pwg,V (10)
e€ afy . .
X 2, |H A2 km,krm | * B, = (kK1) A > Wﬁﬁwk, D WS i
m,m N =1k’ )\’:I,h;k’
X O E)\:—E}\iﬁw 2 (8) pt opt
( “ “ N + 72. ’ Wﬁk)\,k’ 72. ! W)\’k’]hk'fl’
where p is the mass density of the systeip,the phonon Mk " ik
wave vectory the polarizationn, , the number of phonons. B (4124302)2 1 | o (+1/2—312)| 2 ]
In the summationm= *=1/2 for light-hole band\ ,\'=I, _; (lag |*+ | ag 15T
and m= = 3/2 for heavy-hole band,\'=h. The + corre- . B o N
sponds to the emission ane to the absorption of acoustic together with the modified normalization condition
phonons. The explicit matrix form of the electron-acoustic-
phonon interaction matrix elemett®{(qv)mk'm' can be e fhyNf = 11
found in Ref. 9. ; 2 v (D
Similarly, for scattering by optical phonons, the transition
probability per unit time has the forin The experimental sample in Ref. 6 has acceptor concen-
tration aboutN=1x 10" and at liquid-helium temperature
Wovt T h 2 0P 5 cw THz lasing was observed under an external electric field
MK T 7 2pwopV | = [HOP(es)im k| up to 10 V/cm. For the stress values used in the experiment,

from the measurement of the current-voltage curve, it has
X 8(EN —EL—hiwgy), (99  been knowt’ that all impurities are ionizedN;=N) by im-
pact ionization when the electric-field strength exceeds 5
whereey is the polarization vector. Again, the expression ofVV/cm. We have used these experimental conditions to solve
the electron-optical-phonon interaction matrix elementEqgs.(10) and(11) numerically for the occupation probability
H°pt(es)km,k,m, is given in Ref. 9. f, of the resonant states, and the results are shown in Fig. 2
Including the scattering of both acoustic and opticalfor various valuesE 4 of the split of the valence-band top:
phonons, the occupation probability of tkeBloch state in  E =20 meV for curve 1, 24 meV for curve 2, 28 meV for
the heavy-hole bandﬂ, in light-hole bandf} , and the oc- curve 3, and 32 meV for curve 4. The corresponding reso-
cupa- nant energyg, and resonant widtlh’ in units meV are cal-
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culated as [y;1')=(3.2;2.3,(11;3.5),(18.6;3.2), and electric-field acceleration and the acoustic-phonon scattering,
(24.5; 2.9 for curves 1, 2, 3, and 4, respectively. cw lasingthe angled of a carrier's momentum increases towarel,
has been observed in the electric-field range marked by th@here T(r,k) has its maximum value. As a result, in the
shaded region. diffusive regime, the occupation probabilify of the reso-

The few percents of occupation probability shown in  npant states can be large enough to achieve the required popu-
Fig. 2 for low electric-field pumping in the diffusive regime |ation inversion for lasing.
are the same order of magnitude as the valué,dbr the  Besides the fact that the total number of final electron
case of strong electric-field pumping in the streaming mMotiongiates increases with for a given anglé, it is also obvious
regime, which we found earliér.Furthermore,f, is en-  that the number of available final electron states for the

hanced by increasing stress, as observed in the expeﬁ;ment‘éflectron—acoustic—phonon scattering increases with the carrier
To find out the physical origin of these important results, let | . 0 .
energyEy, according toyEg,. Since the resonant state en-

us write Eqg. (3) as f,=3,T(r,k)fL, where T(rk ) - . .
E|a(+1’2'+3’2)?2+(|;(*1’2"3;242 iks t(he i)nk)bability that(a cz';\r- ergy Eq increases with the applied stress, the corresponding
k k occupation probabilityf, increases with the applied stress,

rier in ;?]e q’k)l.EfIOCh state W'"fggfﬁi‘,??/%d In & resonant resulting in stronger THz radiation intensity as observed in
state. The explicit expressions are given in- o ayneriment.

Eq.(15 of;ef. 7. We can then prove tha(r k) is propor- To close this paper, we would like to emphasize that the
tional to sirf¢, whered is the angle between the direction of hecessanycondition for lasing is that the formation time of

carrier momentum vectde and the direction of the applied e population inversion is shorter than the time of sponta-
electric field, which is along the axis. When an electron o4.s emissiof!! We have estimated these times and they

moves along the axis and is scattered by an acoustic pho-gaiisfy the condition. Consequently, we have neglected the
non, letk be the momentum vector of the final electron state, 5qiation transition processes in our kinetic equations.

which makes an anglé to the z axis. It is obvious that the
total number of final electron states having the saimie- The authors would like to thank Professor V. I. Perel for
creases withd. Therefore, under the combined effect of helpful comments and stimulating discussions.
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