PHYSICAL REVIEW B VOLUME 58, NUMBER 8 15 AUGUST 1998-II

Intersubband electron-electron scattering in asymmetric quantum wells designed
for far-infrared emission
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Population inversion in inter-subband emitters and lasers depends critically on the lifetimes of the nonradi-
ative inter-subband transitions. We find that the often neglected Auger-type processes and Pauli exclusion
effects can dominate the electron-electron scattering contributions to the total scattering rate. Electron ex-
change is also considered. In a range of three-level asymmetric quantum-well structures designed to produce
terahertz radiation, we estimate the potential for laser operation for a range of electron densities and tempera-
tures using the population ratiq,/ 7,1 . We find that predicted population ratios have a strong dependence on
the electron-electron scattering rates, and that Auger processes and Pauli exclusion are of particular impor-
tance. In addition, the temperature dependence of the population ratio is significantly altered by the inclusion
of electron-electron scattering processes. Our results indicate that the interplay of electron-phonon and
electron-electron scattering rates suggest optimum operating temperatures for different emitter frequencies.
[S0163-182698)03032-X

[. INTRODUCTION to investigate the practical effects of the important Auger-
type intersubband processes, which are forbidden by selec-
Recently there has been much progress in the develogion rules in symmetric wells. This section also includes a
ment of midinfrared quantum cascade lasers, including instudy of Pauli exclusion due to subband filling in the set of
creased output power and higher operating temperaturesprototype terahertz devices. In Sec. IV we analyze in detail
There are many applications that could benefit from extendthe performance of the prototype devices for a range of sub-
ing the frequency range into the far infrared or terahertnd spacings, electron densities, and temperatures. The re-
range(300—300um, 1-10 TH2. Example applications are sults_show that, in contrast to previous _caICL_JIanon_s, V\_/h|ch
those that make use of the smaller antenna sizes and greasidered only electron-phonon scattering, inversion is re-

bandwidths, such as mobile telephones, wireless comput qed by Increasing the_ electron density. Also we see an
networks and high resolution racfr. optimum choice of operating temperature for any given emit-

When designing a far infrared intersubband laser usingter frequency(subband spacing

GaAs technology, the required emission frequetveliich is
determined by the subband spadgirig smaller than the LO

phonon energy of 36 meV8.7 THz, 34um). This seems  The quantum-well structures considered in this paper
initially to be a great advantage, as LO emission shouldvere designed for optically excited intersubband terahertz
therefore be suppressed relative to the desired radiative emismission. Intersubband optical pumping has recently been
sion. However, increasing temperature broadens the energiemonstrated by Julien and co-work&ts! For commercial
distribution of the subband populations, resulting in only par-applications optical pumping is less convenient than electri-
tial suppression, since LO phonon emission from the more&al injection, but compared to quantum cascade lasers it al-
energetic electrons is allowéd.Electron-electron scattering lows great simplifications in device design and fabrication.
is also enhanced by the smaller subband separation, an effdte use the set of three level prototype devices from Harrison
that is often ignored when considering these devices. and Kelsalt (see Table | and Fig.)1An asymmetric poten-

In this paper we study the effects of electron-electrontial is required to break the even parity of thi) and|3)
scattering®in optically pumped intersubband terahertz emit-subband wave functions, and hence permit|tje-|3) op-
ters at the likely operating electron densities of 100tical pump transition. These structures consist of a 65-A
x10'% cm 2. Lower densities are less practical as theyGaAs deep well layer with an adjacent GgAl,As step &
make it more difficult to pump sufficient population into the €[0.12,0.18), between thick GgyAlg24AS barriers. Opti-
upper laser levels and obtain enough gain. The prototypeal pumping with a 10.g¢m CO, laser is used as the means
terahertz emitter devices we use are based on the asymmettised to excite electrons from the lowest energy sublyapd
quantum-well structures first suggested by Befgend de-  to the highest subbar|8); the aim is to create a population
veloped further by Harrison and Kels&lThe theoretical part  inversion between the thif@) and the second subbafj).
of our electron-electron scattering calculations in Sec. Il in-The separation of the third and second subbands is tuned for
clude determining the final momentum states of the electerahertz emission.
trons, which allows us to include the effects of Pauli exclu- The energy levels and wave functions of the quantum
sion and electron exchan§@.In Sec. Il this theory is used wells were obtained by numerical solution of the effective

IIl. THEORY
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TABLE I. Structural parameters of the three-level asymmetric quantum well with a terahertz intersubband
separation E;—E,).

Stepxy, (%) Step widthb (A)  E;—E; (meV) E;—E, (meV) Ez—E, (THz) 73 (us)

10 101 116.988 49.851 12.1 0.18
11 105 117.321 45.708 11.1 0.21
12 111 117.117 41.119 9.9 0.23
13 118 117.154 36.504 8.8 0.27
14 127 117.179 31.750 7.7 0.32
15 140 116.899 26.695 6.5 0.39
16 157 116.902 21.684 5.2 0.49
17 182 116.992 16.612 4.0 0.66
18 224 117.143 11.454 2.8 0.99

mass Schidinger equatiort? The population distributions of larly, f andg are the subbands of the final electron states,
electrons and phonons were described by Fermi-Dirac andith in-plane moment&; andk.
Bose-Einstein distributions respectively, and it was assumed In S.I. units, the electron-electron scattering rate ignoring
that both electron and phonon temperatures for any electrospin can be written a$
subband or phonon type were the same as the lattice tem-
perature. For computational reasons the distributions wergy; ¢ (ki , o)
truncated at either 2T above the largest subband energy
in a given calculation, or at the top of the well. Electrons e )
with total energy greater than the barriers were assumed to sz dij daJ dks
escape immediately and play no further part in scattering o
events. As each subband has its own electron density, it also 1A ()2
has its own corresponding Fermi level. X f d? g %fj(kj)[l—ff(kf)]

The numerical wave functions were then used to calculate qiesdarl
electron-phonon scattering rates using Fermi's ‘“golden
rule.”*3 The electron-phonon scattering rates included the
polar LO phonon and acousti¢deformation potential
modes. A range of temperatures from_2 to 300 K was con- X 8(Ke+kg—ki— kj)], (2.2
sidered, so we do not use the usual high-temperdaqai-
partition) or low-temperaturdézero poin approximations?
A constant LO phonon energy was used, and the computing/here ;. is the temperature-dependent dielectric function,
time for the acoustic phonon scattering calculations was rewhich is calculated by assuming static single subband
duced by assuming a fixed phonon energy of 2 meV. Bulkscreening of the electron-electron interaction within the ran-
like phonon modes were assumed for both acoustic and L@om phase approximatidiRPA).}"®More sophisticated dy-
phonon scattering. Since the main purpose of this paper is t@amic screening calculations can be désee, e.g., Ref. 19
study electron-electron scattering, a detailed description dput the need to obtain a self-consistent solution means that
confined phonon mod&s'®is deferred to subsequent work. the computer time required was impractically long for use in

Electron-electron scattering events are denoted using theur calculations. The electron distribution functions are de-
indicesijfg, wherei andj are the subbands of the initial noted byf,, wherex is one of{i,j,f,g}, and are taken to be
electron states with in-plane momerka= |k;| and K; :|kj|- Fermi-Dirac distributions that depend on the subband Fermi
The angle betweek; andk; is denotedx (see Fig. 2 Simi-

X[1—=f4(kg) 18l Es(Ks) + Eg(kg) —Ei(k)) —Ej(kj)]

|3> N
A 32 meV
(~THz)
CO, pump
117 meV 85 meV
1> ——J

FIG. 1. Diagram of the energy levels and wave functions of a  FIG. 2. Diagram of the initial and final electron momenta, show-
three-level asymmetric quantum well. The energy spaéigg E, ing the angles used in the calculatioms.andk; (with the filled
between subbaniB) and subbandll) is tuned for CQ pumping,  arrowheadsare the momenta of the electrons before scattering, and
and terahertz emission is sought from {B¢ to |2) transition(7.7 ki andkg (open arrowheadsare the momenta of the electrons af-
THz in this examplg terwards.
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energiesEg,., which in turn depend on the subband carrier

densitiemn,.. TheAjs4(q,) are the form factors given by the
overlap of the wave functions from the initial and final
states’®

Smet, Fonstad, and Mevaluated the electron-electron
scattering rate by defining an anglethat parametrizes the
momentum variableq, . The Pauli exclusion factorgl
—fi(ks) I[1—fy4(ky) ] were neglected to obtain a scattering

rate, which is a good approximation when electron densities
in the final states are low. However, at higher densities the

effects off;(k;) andfy(ky) may be significant and should be

included. To investigate Pauli exclusion effects we solve for

FIG. 3. Allowed final-state contours for a range of intersubband

the momentum and energy conservation rules for th%nergiesA2=(4m*lh2)(Ei+E]~—Ef—Eg), as indicated by the

electron-electron scattering events

ki+ k]:kf+ kg, (22)
712Kk, 72Kk, 712K Ky 712Ky Kq
2m* 2m* 2m* 2m*

(2.3

We eliminateky using momentum conservatipgg. (2.2)
inserted into Eq(2.3)], and solve the resulting quadratic in
|ki| to get

[k¢| =[|kilcog y) + |kj|cog a— )]
+{[|ki|cog y) + |kj|cog a— y)]?
—4]ki|[kj|cog @) + A%}, (2.4

where y is the angle betweek; and k; and A2=(4m*/
hz)(EiJrEj—Ef—Eg). The relationship between these vec-
tors is shown on Fig. 2. Since we now knéy(from |k and
¥), we can find the correspondirlg, from the vector dia-
gram, which gives

kgl ={[ Iki| + [Kjlcog @) — | k¢| cog ) ]?
+[lkjlsin(a) -~ [k{siny) 132 (25

The momentum variablg, can be found using the cosine
rule, and is

qf =ki-ki+ ki k= 2[ki| [kq cog ). (2.6)

Using these the scattering rate becomes

e4
WIJfg(kI,U):MW—ErGO)ZJ dkjfdalf dC(’y)

|Aijfg(qL)|2

F(kO[1—fo(k
2l ! =T

X[1—f4(kg)]], (2.7)

where C(y) is the contour formed from the allowed final
states(see Fig. 3 as parametrized by the angle These

dashed lines. Larger values af correspond to the bigger circles.
The allowed final states are traced out as the vertex ok;hkg
arrows (open arrowheadsnoves around the circular contour. The
dotted curve indicates how equal steps in the angleetweenk;
and k; (filled arrowheadgtrace out the contour of allowed final
states.

origin of @ is at its center. However, the analytic expressions
required to work ouk, from ¢ are more complicated.

When including electron spin, the exchange effect must
also be considered. This is relevant to collisions of electron
pairs of the same spin, when an interference occurs between
the two indistinguishable scattering events that involve
same-spin electrons. If we assume identical distributions and
equal densities for both spin-up and spin-down electrons, the
following replacement in Eq(2.7) should be mad&?

|Aijfg(qL)|2_)£|Aijfg(QL)|2 |Aijgr(al)]?
afelda?) 2| qfeida?)  qi’ei(ql?)
B Aijrg(a)ATg(a))
9.9/ €sd(a7) s ?)
wherek;’ =kg andky' =k; so that

l, (2.8

The Fermi factors in the scattering ratéq. (2.1)] are
unaffected, since the produict —f¢(k¢) J[1—fy(kg)] is un-
altered under exchange.

IIl. ELECTRON-ELECTRON SCATTERING RATES

In this section we summarize the various types of
electron-electron scattering processes, and their significance
in terms of quantum-well structures. Broadly speaking, there
are two types of scattering—"symmetrical” and “Auger”
processes. In symmetrical structures, the allowed scattering
events are these “symmetrical” processes, in which both
electrons change up or down by one subbjae Fig. 4a)].

The other typéAugen, where again two electrons scatter but

only one changes up or down by a single subband, is forbid-
den by selection rules. The selection rules are conditions on
the allowed transitions that derive from the even or odd par-

allowed final states are those that satisfy only the energy anity of the initial- and final-state electron wave functions, as

momentum conservation conditions. Note that the arfgle
seems to be a better way to parameti@ze-an integral ad-
vancing equal angular stepsércoversC evenly because the

well as the parity of the interaction between them. However,
asymmetric structures do not have electron wave functions
with a well-defined parity, so these selection rules are broken
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o _ _ rates for a quantum well with; =n,=10" cm 2 at T=2 K. The
FIG. 4. Schematic diagrams showing the allowed intersubbangye|| has Gg,Al, ,6As barriers and two side-by-side well layers of
electron-electron scattering processes far symmetric and(b) Gay 92 nAl g o8- nAS, both 100 A thick.
asymmetric quantum wells. Thaf andifff processes are Auger ' '

processes that transfer one electron between subbands. fer between subbands. In fact, in our prototype terahertz de-

signs the 2111 scattering rate dominates over the similar

and Auger processes can contribute to scattgring. For €%5221 and 2211 rates. Further, there are processes such as
ample, in a symmetric well, transfer of population between ' .

the second?2) and first|1) subband occurs only by the 2211 3121 that can contribute significantly despite the lafge
. .~ —E, subband separation.
process, as the 2111 and 2221 are forbidden. However, in an . .
To show the effect of asymmetry in a simpler system

asymmetric wel[Fig. 4(b)], in addition to the 2211 process, _. . ' .
which transferswo electrons, the 2111 and 2221 processesS'm".ar to that of th_e prototype terahertz devices conS|der¢d
n this paper, consider a set of stepped quantum wells, with

\ell\r/(ra\earis\?voarcktilr\:g 33? tté?glsz)ec:p%rl]azggIttl(r):r?slfgperaile?tgg?weei% alf the well deeper, and half shallower than a fixed average
subbands, all three scattering processes and the number va%lue. We increase the asymmelry by increasing the disparity

) in the aluminum concentration. Figurébl shows schemati-
electrons each transfers needs to be taken into account. Nofg"y a system similar to that used for these results, with the

:\r/]vaetetnhZIeAcut?oegspirr?((:jEi}figreesnta ISsL?blljr;cALégeescattgelr?f events bg\l'lowed electron-electron scattering processes indicated
The symmetrical processés. 221i v.\?e”re deséribed b [herei=2(or 3), andf=1(or 2)]. The significance of the

Y p i 9 ) -ribed by Auger rates as the asymmetry increaggsto a 3% change
Smet, Fonstad,_ and un t_he IOV\.’ glectron density limit 2h=0.03) in aluminum concentratidris clearly seen in
where the Ffaull gquqsmn is negligible. We also calculate ig. 5. Clearly, even if we designed a prototype with a small
these f?‘t‘?s in an infinite square well whose other pgrameteg%ymmetry th’e Auger rates would still be comparable to the
were similar to th_os_e of a GaAs quantum well—Figaj seymmetric rates. The intrasubband 1111 and 2222 rates re-
shows a system similar to that used for the results, where thmain unaffected by the asymmetry, but the 2211 rate de-
aIIowed_ 2.211. scattering process be_t_vv een th_e two lowest Su%'reases slowly as the wave-function ,overlap changes. In con-
e e ot oS e Auger raes 2221 and 2111 are il zeo, b

. . > Pe increase rapidly with asymmetry to within a factor of two of
crease in scattering rates with intersubband separétion,

as in Ref. 6 the 2211 rate. There is no significant change in the subband
e : energies for the range of step heights considered here, hence
We have also compared calculations of electron-electro

scattering rates with and without the exchange terms de?qhg S\t::/r:ag?usngighnesscatterlng rates are due only to changes in

scribed in the previous section. In all the cases relevant to the L .
. e .~ These Auger processes also have a significant effect in the
results presented here, the differences were negligible—in . .
rototype terahertz devices as well. In Fig. 6, all {3

contrast to Ref. 8. Consequently we do not show explicilp .
comparisons between the With-exc_hange anpl Without-:> |12g0;°1<n1d0|1§>c_|;]|_12>. ;:n;f;ﬁgrggajt?zga::; S"’lrteh:givzv; ;?(ggiess
exchange cases. However, at the typical operating electroqearly dominates. Similarly, for th@)— 1) rates, the 2111

nsities of 10010'° cm™2, Auger pr re al- ¢ .
\c/jv?;\yzts?;n?ficza?[u;s?g Poallulicexclijsigge processes are a rate is two orders of magnitude greater than the 2211, and so

is by far the most significant contributor to electron-electron
depopulation of the lower emitter subband over the entire
range of structures. The results for higher temperatures are
In asymmetric quantum wells, the Auger processes suchimilar and so are not included here. These 3121 and 2111
as 2111 and 2221 can and do contribute to population trangiuger processes are still significant even at much lower total

A. Auger intersubband scattering processes
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FIG. 6. A comparison of the electron-electron scattering rates, FIG. 7. Intersubband electron-electron scattering rates, compar-
including the Auger rates, of the quantum well structures in Table ling the exact rategsolid lines and dashed lingwith those from
Solid lines are for thg3)—|2) processes, dotted lines are {@  calculations ignoring the Pauli exclusion effedotted and dash-
—|1). These are at 2 K, witin;+n,+n;=100x10'° cm™? and  dotted lines. This is for the three-level prototype structure with a

n,=nz=10" cm % Also shown are the 312(dash-dottefiand  2.8-THz emission energyzn,=100x 10 cm 2, n,=ns, and T
2111 (dashedl rates forn;=n,=ny=10" cm 2. =77 K.

electron densities{n;=3x 10 cm™?), as indicated by the

dashed and dot-dashed curves in Fig. 6. bands are taken to have the same population, as might be

expected in a laser with marginal inversion. The differing
trends are due to the redistribution of carriers between the
subbands—rates strongly dependentgriecrease as popu-

In the low carrier density limit we can justifiably |ation is shifted inton, andn,, and vice versa. The results
ignore any Pauli exclusion effects. However, a practical lasefor much lower densities (£ cm™2) are not dissimilar,
device will probably need electron densities of aroundexcept that the rates are smaller by roughly an order of mag-
100x 10" cm™? in order to have sufficient gain, and at nitude, and the effect of Pauli exclusion nearly vanishes.
these high densities Pauli exclusion inhibits scattering into  The asymmetric potential of the quantum well ensures
occupied or partially occupied states. This is particularly nothat Auger processes contribute to intersubband population
ticeable for states below the Fermi energy of the final-statgransfer. In this case, the suppression in the 2111 rate caused
subband, where there is a significant probability of occupapy Pauli exclusion is about one-third fop=n;=1. There
tion. At low temperatures, where the final subbandabk  are similar reductions in the 3322, 3222, and 3222 scattering
mos) completely filled below the Fermi energy, scatteringrates for largens. The most significant reduction is in the
into that lower part of the subband is almost completely supimportant 3121 rate, with the highly populatEd blocking
pressed. At higher temperatures the suppression becomgfany scattering events, thus reducing this rate by about an
more gradual because the broadened Fermi-Dirac distribisrder of magnitude. Clearly, these results show that Pauli

tions have partially occupied states below the Fermi energyexclusion can be a significant effect and cannot be ignored.
into which the electrons can scatter.

The Pauli exclusion effect is significant in the asymmetric
guantum-well structures used for our prototype terahertz IV. POPULATION RATIOS
emitters. Intrasubband events affect the form of the electron
distribution within each subband, which in turn affects the To examine the potential of the three-level asymmetric
intersubband rates and is therefore important in device deguantum well system as a terahertz laser in the light of our
sign. Such effects lie beyond the scope of this work buthew electron-electron scattering calculations, it is necessary
could be accounted for by using a Monte Carlo simulationto look at the carrier dynamics that govern population inver-
Calculations also demonstrate that Pauli exclusion can resion. Previous calculations that neglected electron-electron
duce the intrasubband scattering rates by up to 40% for thecattering suggested that significant inversion might be easy
higher subbands. For the lowest subband, the actual 111td achieve in a three subband structure at low temperatures
rate for n;~100x10'® cm2 is more than one order of and/or small subband separations. However, the electron-
magnitude slower than what would be calculated withoutelectron scattering is stronger at smaller subband separations,
allowing for the Pauli exclusion effect. and in particular the 3121 and 2111 Auger scattering pro-
Figure 7 shows the effects of Pauli exclusion for the in-cesses are very strong for large ground-state populations
tersubband2)—|1) and|3)—|2) processes in one of the (e.g.,~100x 10 cm™2).
prototype terahertz devices. The sum of the subband electron The population of the lower laser subbdy is given by
densities is again 10010'° cm™2, and the two upper sub- a simple rate equation analysis as

B. Pauli exclusion effect
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FIG. 9. Predicted population ratios for the range of structures

FIG. 8. A comparison of the total electron scattering rates be4isted in Table I, forn;=10° cm~2. Results for a range of tem-

tween subbands, far;=n,=n;=10'° cm 2, for 2, 77, and 300 K
(as labelegl the symbols indicate the summed ratescluding
electron-electron scattering for 2 ), 77 K (X), and 300 K(x),
respectively. The solid lines show the total ratg, from subband
|3) to subband2). The dashed lines show the total ratg, from
subband2) to subbandl). Below 9 THz(at 2 K) the rates when
electron-electron scattering is excluded are lower thanytasis

minimum of 13 s~ 2.

dn,
dt

wherewg,=1/73, (Wy=1/757) is the sum of all the radia-

=N3W3— NoWoy, (4.1)

peratures are shown by the solid lines. The dashed lines indicate the
rates calculated for 2, 30, and 77 K when electron-electron scatter-
ing is excluded, clearly showing the importance of including this
effect for small subband separations.

Figure 8 shows how the total intersubband scattering rates
vary with structure and temperature for=10 cm 2. The
graphs both appear qualitatively similar to those including
only the phonon scatterifgThe depopulation rate of the
second subband, is increased by the addition of electron-
electron scattering. However, the electron-electron contribu-
tions make a significant difference to t}{8 — |2) rate W)

scattering rates from the thif@) subband to the secor@)
subband(or second|2) to first [1)). The radiative decay
rates are very slow~10°—10" s 1) in comparison to the

w3, now decreases to the electron-electron rate of about
10'-10" s —instead of down to the electron—acoustic-
phonon ratgat ~10°—10° s 1).

other rates and can be neglected. At equilibrium there is a The effect of these changes in scattering rates is high-

steady-state population inversions(n,) if

1 1
—>—
T21 732

4.2)

The ratio wy,/Wg,= 735/ 751 thus gives the “population

lighted by Fig. 9. This shows the population ratig, /w3, as

a function of the emission energy for the prototype terahertz
devices in Table |. The calculations without electron-electron
scattering predicted an increase in inversiorEgs E, de-
creased, with steeper increases for lower temperatures
(dashed lings In comparison, it can be seen that calculations

ratio” (nz/n,). Note that our scattering rate calculations including the electron-electron scatteriteplid lines predict

have assumed equal populationsnig and n,, which is a

lower population ratios at smalt;— E,, because of the in-

good starting point as the rates are not too sensitive to thereased3)—|2) rate.

exact electron densities. Only marginal inversions are ex- The inclusion of the 2111 electron-electron scattering pro-
pected in prototype devices, and so this population ratio caness tends to alleviate this reduction in population ratio at
be considered to be a measure of how easy inversion wouldrge E;— E, separationgabove 5 THy, as there the 2111

be to achieve.

rate tends to a maximum, while the 3322 rate decreases,

Despite the promise of laser operation at useful electromrspecially for lowerZ;n; (see Fig. 6. This occurs because
densities suggested by earlier calculations that considereglectron-electron scattering rates are inversely dependent on
only electron-phonon scattering, we found that the stronghe subband separation—and tf& —|2) rate decreases
3121 electron-electron scattering process destroys any poss¥th increasingE;—E, while the |2)—|1) rate increases
bility of attainingw,,/w3,>1, even at low temperatures, for with the corresponding decreaseBn— E;.

electron densities 0En;=100x 10'° cm 2. At lower elec-
tron densities (18 10'° cm™?), we find it is just possible to
get wy/wgp,>1 at 2 K, but we have to go down tB;n;

~10%
range of prototypes and temperatures.

This leaves an interval between this crossover and the LO
phonon threshold in the mid to upper-terahertz subband gap
where inversion\{,,/ws,>1) will not be suppressed by the

cm 2 to see the possibility of laser operation for a addition of electron-electron scattering. However, this is

squeezed shut at higher temperatures, as/3he:|2) LO
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T both very narrow, with the most significant being that at the

GaAs TO phonon energy of about 33 méy 8 TH2). The
©r \\ — 7 absorption tails that extend beyond this are very weak, and
K are neglzigible even for the prototype operating at 7.7 THz
r ] and 2 K:
o 30Kpo 0O 0O oo
; <+ ?b7KTHz_ V. CONCLUSIONS
\X: | 50KAAA/AA | We have demonstrated the importance not only of includ-
= ing electron-electron scattering in calculations of intersub-
o L77Ex 0 x o x X xg Ty, band transition rates, but also that of considering Auger-type
- 30K processes and Pauli exclusion effects. These phenomena are
T ™ particularly significant if the device relies on occurrence of a
" 4.0THz cutoff in the LO-phonon scattering rates for subband gaps
ol o less than the LO-phonon energy.
0 0.5 1 Auger processes were vital in understanding the electron-
electron scattering rates. Most dramatically, the 3121 scatter-
Ny, Ny (1010 cm_z) ing rate dominated the electron-electron contribution to the

total ratews, between subband8) and|2). At the electron
FIG. 10. Predicted population ratios as a function of electrondensities we would hope to use in a practical device, this
density for the optimum choices of structure and temperature, witthrocess extinguished any possibility of achieving inversion,
n;=10" cm~2 The symbols show the resuits for 30, 50, and 77 Keven at low temperatures. Only at reduced densities was a
when electron-electron scattering is excluded. The 2- and 10-K répopulation ratio greater than one attainable. This means that
sults are not shown as they are above the top of the graph. these three subband structures are very unlikely capable of
producing practical terahertz lasers, but their simplicity is an
advantage in understanding the important mechanisms that
phonon emission rate starts to increase at subband sepadetermine the scattering rates between levels. This knowl-
tions below the LO phonon energy. This can be seen in thedge can now be transferred to more promising four subband
W3, rate on Fig. 8, as the dip ine¢h2 K curve between 3 and structures.
8 THz. At 77 K and above the dip has gone, since the The results also showed that the 2111 Auger process
temperature-dependent increase in the LO phonon popul@ominated the electron-electron contribution to ¥he scat-
tion has increased the LO phonon scattering rates above thering rate, despite it transferring only a single electron com-
|3)—|2) electron-electron scattering rate. This in turn di- pared to the two transferred by the 2211 rate. However, in
rectly affects the population ratio. the calculations relating to the prototype terahertz devices
At 50 K, inversion can still be achieved at emission ener-+his electron-electron contribution was significantly smaller
gies between 4—6 THz, but only to population ratios of athan the electron-phonon scattering rates.
maximum of about 1.2. However, as discussed above, the The Pauli exclusion effect was shown to cause marked
interval wherews, is small gives us the peaks in the popu- scattering rate suppression in the prototype terahertz devices
lation ratios seen on Fig. 9. These peaks indicate that there ietween both laser subban@s and|2), as well as the laser
an optimum choice of temperature for a given structure, oground level2) and the lowest levgll). This was about an
conversely, an optimum choice of structure for a given tem-order of magnitude for the important 3121 electron-electron
perature. scattering rate, and up to a third for other rates in e
The effect of Pauli exclusion on these ratios is small.=100x 10 cm~? case. Pauli exclusion has a minimal ef-
However, for devices operating at higher electron densitiefect on the possibility of population inversion in our three
(i.e., >10x10'° cm 2 the results of Sec. IlIB show level prototypes in the low electron density {40cm™?2)
that Pauli exclusion is not insignificant. Fo&n; limit. However, for a four subband structure operating at the
=100x 10" cm 2 andn,=n;=10'" cm 2 there is a sup- more practical higher densitiésthese results demonstrate
pression to about two-thirds of the rate without Pauli exclu-that Pauli exclusion will be important.
sion (see Fig. 7. Finally, these conclusions led to an evaluation of the po-
Figure 10 shows how the population ratio depends on théential of optically pumped terahertz emitters based on the
electron distribution between subbands, for the optimunprototype devices that used a three-level asymmetric
temperature-structure combinations suggested by the peakiantum-well structure. We calculated that it is still possible
positions on Fig. 9. In contrast to calculations that neglecto achieve population inversion in these three-level systems
electron-electron scatteriffigthe trend is for only slightly at 50 K, but that the achievable inversion is strongly depen-
changing population ratios as electron density in the uppedent on having a low electron density to reduce {Bg
subbands increases. —|2) electron-electron scattering rates. Also, the results
Finally, note that all our prototype terahertz devices thatshowed that there is an optimum combination of temperature
can achieve population inversion are unaffected by Restraldnd subband separation required to give the largest popula-
absorption. In both GaAs and AlAs, the Restrahl bands aréon ratio and hence best device performance.
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