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Intersubband electron-electron scattering in asymmetric quantum wells designed
for far-infrared emission

P. Kinsler,* P. Harrison, and R. W. Kelsall
Institute of Microwaves and Photonics, School of Electronic and Electrical Engineering, University of Leeds,

LS2 9JT, United Kingdom
~Received 17 March 1998!

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 ratiot32/t21. 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.
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I. INTRODUCTION

Recently there has been much progress in the deve
ment of midinfrared quantum cascade lasers, including
creased output power and higher operating temperatu1

There are many applications that could benefit from exte
ing the frequency range into the far infrared or terahe
range~300–300mm, 1–10 THz!. Example applications are
those that make use of the smaller antenna sizes and gr
bandwidths, such as mobile telephones, wireless comp
networks and high resolution radar.2

When designing a far infrared intersubband laser us
GaAs technology, the required emission frequency~which is
determined by the subband spacing! is smaller than the LO
phonon energy of 36 meV~8.7 THz, 34mm). This seems
initially to be a great advantage, as LO emission sho
therefore be suppressed relative to the desired radiative e
sion. However, increasing temperature broadens the en
distribution of the subband populations, resulting in only p
tial suppression, since LO phonon emission from the m
energetic electrons is allowed.3,4 Electron-electron scatterin
is also enhanced by the smaller subband separation, an e
that is often ignored when considering these devices.

In this paper we study the effects of electron-electr
scattering5,6 in optically pumped intersubband terahertz em
ters at the likely operating electron densities of 1
31010 cm22. Lower densities are less practical as th
make it more difficult to pump sufficient population into th
upper laser levels and obtain enough gain. The protot
terahertz emitter devices we use are based on the asymm
quantum-well structures first suggested by Berger,7 and de-
veloped further by Harrison and Kelsall.4 The theoretical part
of our electron-electron scattering calculations in Sec. II
clude determining the final momentum states of the e
trons, which allows us to include the effects of Pauli exc
sion and electron exchange.8,9 In Sec. III this theory is used
PRB 580163-1829/98/58~8!/4771~8!/$15.00
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to investigate the practical effects of the important Aug
type intersubband processes, which are forbidden by se
tion rules in symmetric wells. This section also includes
study of Pauli exclusion due to subband filling in the set
prototype terahertz devices. In Sec. IV we analyze in de
the performance of the prototype devices for a range of s
band spacings, electron densities, and temperatures. Th
sults show that, in contrast to previous calculations, wh
considered only electron-phonon scattering, inversion is
duced by increasing the electron density. Also we see
optimum choice of operating temperature for any given em
ter frequency~subband spacing!.

II. THEORY

The quantum-well structures considered in this pa
were designed for optically excited intersubband terahe
emission. Intersubband optical pumping has recently b
demonstrated by Julien and co-workers.10,11 For commercial
applications optical pumping is less convenient than elec
cal injection, but compared to quantum cascade lasers i
lows great simplifications in device design and fabricatio
We use the set of three level prototype devices from Harri
and Kelsall4 ~see Table I and Fig. 1!. An asymmetric poten-
tial is required to break the even parity of theu1& and u3&
subband wave functions, and hence permit theu1&→u3& op-
tical pump transition. These structures consist of a 65
GaAs deep well layer with an adjacent Ga12xAl xAs step (x
P@0.12,0.18#), between thick Ga0.76Al0.24As barriers. Opti-
cal pumping with a 10.6-mm CO2 laser is used as the mean
used to excite electrons from the lowest energy subbandu1&
to the highest subbandu3&; the aim is to create a populatio
inversion between the thirdu3& and the second subbandu2&.
The separation of the third and second subbands is tuned
terahertz emission.

The energy levels and wave functions of the quant
wells were obtained by numerical solution of the effecti
4771 © 1998 The American Physical Society
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TABLE I. Structural parameters of the three-level asymmetric quantum well with a terahertz intersu
separation (E32E2).

Stepxb ~%! Step widthb ~Å! E32E1 ~meV! E32E2 ~meV! E32E2 ~THz! t32
rad (ms)

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
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mass Schro¨dinger equation.12 The population distributions o
electrons and phonons were described by Fermi-Dirac
Bose-Einstein distributions respectively, and it was assum
that both electron and phonon temperatures for any elec
subband or phonon type were the same as the lattice
perature. For computational reasons the distributions w
truncated at either 23kBT above the largest subband ener
in a given calculation, or at the top of the well. Electro
with total energy greater than the barriers were assume
escape immediately and play no further part in scatter
events. As each subband has its own electron density, it
has its own corresponding Fermi level.

The numerical wave functions were then used to calcu
electron-phonon scattering rates using Fermi’s ‘‘gold
rule.’’13 The electron-phonon scattering rates included
polar LO phonon and acoustic~deformation potential!
modes. A range of temperatures from 2 to 300 K was c
sidered, so we do not use the usual high-temperature~equi-
partition! or low-temperature~zero point! approximations.14

A constant LO phonon energy was used, and the compu
time for the acoustic phonon scattering calculations was
duced by assuming a fixed phonon energy of 2 meV. Bu
like phonon modes were assumed for both acoustic and
phonon scattering. Since the main purpose of this paper
study electron-electron scattering, a detailed description
confined phonon modes15,16 is deferred to subsequent work

Electron-electron scattering events are denoted using
indices i j f g , where i and j are the subbands of the initia
electron states with in-plane momentaki5ukiu andkj5ukju.
The angle betweenki andkj is denoteda ~see Fig. 2!. Simi-

FIG. 1. Diagram of the energy levels and wave functions o
three-level asymmetric quantum well. The energy spacingE32E1

between subbandu3& and subbandu1& is tuned for CO2 pumping,
and terahertz emission is sought from theu3& to u2& transition~7.7
THz in this example!.
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larly, f and g are the subbands of the final electron stat
with in-plane momentakf andkg.

In S.I. units, the electron-electron scattering rate ignor
spin can be written as5,6

Wi j f g~ki ,s!

5
e4

\~4pe re0!2E dkjE daE d2kf

3E d2kgF uAi j f g~q'!u2

q'
2 esc

2 ~q'
2 !

f j~kj !@12 f f~kf!#

3@12 f g~kg!#d@Ef~kf!1Eg~kg!2Ei~ki!2Ej~kj !#

3d~kf1kg2ki2kj !G , ~2.1!

where esc is the temperature-dependent dielectric functio
which is calculated by assuming static single subba
screening of the electron-electron interaction within the r
dom phase approximation~RPA!.17,18More sophisticated dy-
namic screening calculations can be done~see, e.g., Ref. 19!,
but the need to obtain a self-consistent solution means
the computer time required was impractically long for use
our calculations. The electron distribution functions are d
noted byf k , wherek is one of$ i , j , f ,g%, and are taken to be
Fermi-Dirac distributions that depend on the subband Fe

a FIG. 2. Diagram of the initial and final electron momenta, sho
ing the angles used in the calculations.ki and kj ~with the filled
arrowheads! are the momenta of the electrons before scattering,
kf and kg ~open arrowheads! are the momenta of the electrons a
terwards.
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energiesEFk , which in turn depend on the subband carr
densitiesnk . TheAi j f g(q') are the form factors given by th
overlap of the wave functions from the initial and fin
states.5,6

Smet, Fonstad, and Hu6 evaluated the electron-electro
scattering rate by defining an angleu that parametrizes the
momentum variableq' . The Pauli exclusion factors@1
2 f f(kf)#@12 f g(kg)# were neglected to obtain a scatterin
rate, which is a good approximation when electron densi
in the final states are low. However, at higher densities
effects off f(kf) and f g(kg) may be significant and should b
included. To investigate Pauli exclusion effects we solve
the momentum and energy conservation rules for
electron-electron scattering events

ki1kj5kf1kg, ~2.2!

Ei1
\2ki•ki

2m*
1Ej1

\2kj•kj

2m*
5Ef1

\2kf•kf

2m*
1Eg1

\2kg•kg

2m*
.

~2.3!

We eliminatekg using momentum conservation@Eq. ~2.2!
inserted into Eq.~2.3!#, and solve the resulting quadratic
ukfu to get

ukfu5@ ukiucos~g!1ukjucos~a2g!#

6$@ ukiucos~g!1ukjucos~a2g!#2

24ukiuukjucos~a!1D2%1/2, ~2.4!

where g is the angle betweenki and kf and D25(4m* /
\2)(Ei1Ej2Ef2Eg). The relationship between these ve
tors is shown on Fig. 2. Since we now knowkf ~from ukfu and
g), we can find the correspondingkg from the vector dia-
gram, which gives

ukgu5$@ ukiu1ukjucos~a!2ukfucos~g!#2

1@ ukjusin~a!2ukfusin~g!#2%1/2. ~2.5!

The momentum variableq' can be found using the cosin
rule, and is

q'
2 5ki•ki1kf•kf22ukiuukfucos~g!. ~2.6!

Using these the scattering rate becomes

Wi j f g~ki ,s!5
e4

\~4pe re0!2E dkjE daE dC~g!

3F uAi j f g~q'!u2

q'
2 esc

2 ~q'
2 !

f j~kj !@12 f f~kf!#

3@12 f g~kg!#G , ~2.7!

where C(g) is the contour formed from the allowed fina
states~see Fig. 3! as parametrized by the angleg. These
allowed final states are those that satisfy only the energy
momentum conservation conditions. Note that the anglu
seems to be a better way to parametrizeC—an integral ad-
vancing equal angular steps inu coversC evenly because the
r

s
e

r
e

nd

origin of u is at its center. However, the analytic expressio
required to work outkg from u are more complicated.

When including electron spin, the exchange effect m
also be considered. This is relevant to collisions of elect
pairs of the same spin, when an interference occurs betw
the two indistinguishable scattering events that invo
same-spin electrons. If we assume identical distributions
equal densities for both spin-up and spin-down electrons,
following replacement in Eq.~2.7! should be made:8,9

uAi j f g~q'!u2

q'
2 esc

2 ~q'
2 !
→

1

2F uAi j f g~q'!u2

q'
2 esc

2 ~q'
2 !

1
uAi jg f ~q'8 !u2

q'8
2esc

2 ~q'8
2!

2
Ai j f g~q'!Ai jg f* ~q'8 !

q'q'8 esc~q'
2 !esc~q'8

2!
G , ~2.8!

wherekf85kg andkg85kf so that

q'8
25kj•kj1kf•kf22ukjuukfucos~a2g!. ~2.9!

The Fermi factors in the scattering rate@Eq. ~2.1!# are
unaffected, since the product@12 f f(kf)#@12 f g(kg)# is un-
altered under exchange.

III. ELECTRON-ELECTRON SCATTERING RATES

In this section we summarize the various types
electron-electron scattering processes, and their significa
in terms of quantum-well structures. Broadly speaking, th
are two types of scattering—‘‘symmetrical’’ and ‘‘Auger’
processes. In symmetrical structures, the allowed scatte
events are these ‘‘symmetrical’’ processes, in which b
electrons change up or down by one subband@see Fig. 4~a!#.
The other type~Auger!, where again two electrons scatter b
only one changes up or down by a single subband, is forb
den by selection rules. The selection rules are conditions
the allowed transitions that derive from the even or odd p
ity of the initial- and final-state electron wave functions,
well as the parity of the interaction between them. Howev
asymmetric structures do not have electron wave functi
with a well-defined parity, so these selection rules are bro

FIG. 3. Allowed final-state contours for a range of intersubba
energiesD25(4m* /\2)(Ei1Ej2Ef2Eg), as indicated by the
dashed lines. Larger values ofD2 correspond to the bigger circles
The allowed final states are traced out as the vertex of thekf, kg

arrows~open arrowheads! moves around the circular contour. Th
dotted curve indicates how equal steps in the angleg betweenki

and kf ~filled arrowheads! trace out the contour of allowed fina
states.
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and Auger processes can contribute to scattering. For
ample, in a symmetric well, transfer of population betwe
the secondu2& and firstu1& subband occurs only by the 221
process, as the 2111 and 2221 are forbidden. However, i
asymmetric well@Fig. 4~b!#, in addition to the 2211 process
which transferstwo electrons, the 2111 and 2221 process
are also active and transfer an additional one electron e
When working out total population transfer rates betwe
subbands, all three scattering processes and the numb
electrons each transfers needs to be taken into account.
that the Auger processes also include scattering events
tween electrons in different subbands, e.g., 3121.

The symmetrical processes~e.g., 2211) were described b
Smet, Fonstad, and Hu6 in the low electron density limit
where the Pauli exclusion is negligible. We also calcula
these rates in an infinite square well whose other parame
were similar to those of a GaAs quantum well—Fig. 4~a!
shows a system similar to that used for the results, where
allowed 2211 scattering process between the two lowest
bands is indicated schematically~as i i f f ). Briefly, our al-
lowed 2211 rate calculations also showed the expected
crease in scattering rates with intersubband separation~e.g.,
as in Ref. 6!.

We have also compared calculations of electron-elec
scattering rates with and without the exchange terms
scribed in the previous section. In all the cases relevant to
results presented here, the differences were negligible
contrast to Ref. 8. Consequently we do not show expl
comparisons between the with-exchange and witho
exchange cases. However, at the typical operating elec
densities of about 10031010 cm22, Auger processes are a
ways significant, as is Pauli exclusion.

A. Auger intersubband scattering processes

In asymmetric quantum wells, the Auger processes s
as 2111 and 2221 can and do contribute to population tr

FIG. 4. Schematic diagrams showing the allowed intersubb
electron-electron scattering processes for~a! symmetric and~b!
asymmetric quantum wells. Thei i i f and i f f f processes are Auge
processes that transfer one electron between subbands.
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fer between subbands. In fact, in our prototype terahertz
signs the 2111 scattering rate dominates over the sim
2221 and 2211 rates. Further, there are processes suc
3121 that can contribute significantly despite the largeE3
2E1 subband separation.

To show the effect of asymmetry in a simpler syste
similar to that of the prototype terahertz devices conside
in this paper, consider a set of stepped quantum wells, w
half the well deeper, and half shallower than a fixed aver
value. We increase the asymmetry by increasing the dispa
in the aluminum concentration. Figure 4~b! shows schemati-
cally a system similar to that used for these results, with
allowed electron-electron scattering processes indica
@here i 52~or 3!, and f 51~or 2!#. The significance of the
Auger rates as the asymmetry increases@up to a 3% change
(2h50.03) in aluminum concentration# is clearly seen in
Fig. 5. Clearly, even if we designed a prototype with a sm
asymmetry, the Auger rates would still be comparable to
symmetric rates. The intrasubband 1111 and 2222 rates
main unaffected by the asymmetry, but the 2211 rate
creases slowly as the wave-function overlap changes. In c
trast, the Auger rates 2221 and 2111 are initially zero,
increase rapidly with asymmetry to within a factor of two
the 2211 rate. There is no significant change in the subb
energies for the range of step heights considered here, h
the changes in the scattering rates are due only to chang
the wave functions.

These Auger processes also have a significant effect in
prototype terahertz devices as well. In Fig. 6, all theu3&
→u2& and u2&→u1& intersubband rates are shown for( ini
510031010 cm22. For theu3&→u2& rates, the 3121 proces
clearly dominates. Similarly, for theu2&→u1& rates, the 2111
rate is two orders of magnitude greater than the 2211, an
is by far the most significant contributor to electron-electr
depopulation of the lower emitter subband over the en
range of structures. The results for higher temperatures
similar and so are not included here. These 3121 and 2
Auger processes are still significant even at much lower t

d

FIG. 5. The effect of asymmetry on electron-electron scatter
rates for a quantum well withn15n251010 cm22 at T52 K. The
well has Ga0.72Al0.28As barriers and two side-by-side well layers
Ga0.926hAl0.087hAs, both 100 Å thick.
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electron densities ((ni5331010 cm22), as indicated by the
dashed and dot-dashed curves in Fig. 6.

B. Pauli exclusion effect

In the low carrier density limit we can justifiabl
ignore any Pauli exclusion effects. However, a practical la
device will probably need electron densities of arou
10031010 cm22 in order to have sufficient gain, and a
these high densities Pauli exclusion inhibits scattering i
occupied or partially occupied states. This is particularly n
ticeable for states below the Fermi energy of the final-s
subband, where there is a significant probability of occu
tion. At low temperatures, where the final subband is~al-
most! completely filled below the Fermi energy, scatteri
into that lower part of the subband is almost completely s
pressed. At higher temperatures the suppression beco
more gradual because the broadened Fermi-Dirac distr
tions have partially occupied states below the Fermi ene
into which the electrons can scatter.

The Pauli exclusion effect is significant in the asymmet
quantum-well structures used for our prototype terahe
emitters. Intrasubband events affect the form of the elec
distribution within each subband, which in turn affects t
intersubband rates and is therefore important in device
sign. Such effects lie beyond the scope of this work
could be accounted for by using a Monte Carlo simulati
Calculations also demonstrate that Pauli exclusion can
duce the intrasubband scattering rates by up to 40% for
higher subbands. For the lowest subband, the actual 1
rate for n1;10031010 cm22 is more than one order o
magnitude slower than what would be calculated with
allowing for the Pauli exclusion effect.

Figure 7 shows the effects of Pauli exclusion for the
tersubbandu2&→u1& and u3&→u2& processes in one of th
prototype terahertz devices. The sum of the subband elec
densities is again 10031010 cm22, and the two upper sub

FIG. 6. A comparison of the electron-electron scattering ra
including the Auger rates, of the quantum well structures in Tabl
Solid lines are for theu3&→u2& processes, dotted lines are foru2&
→u1&. These are at 2 K, withn11n21n3510031010 cm22 and
n25n351010 cm22. Also shown are the 3121~dash-dotted! and
2111 ~dashed! rates forn15n25n351010 cm22.
er
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bands are taken to have the same population, as migh
expected in a laser with marginal inversion. The differi
trends are due to the redistribution of carriers between
subbands—rates strongly dependent onn1 decrease as popu
lation is shifted inton2 and n3, and vice versa. The result
for much lower densities (1010 cm22) are not dissimilar,
except that the rates are smaller by roughly an order of m
nitude, and the effect of Pauli exclusion nearly vanishes.

The asymmetric potential of the quantum well ensu
that Auger processes contribute to intersubband popula
transfer. In this case, the suppression in the 2111 rate ca
by Pauli exclusion is about one-third forn25n351. There
are similar reductions in the 3322, 3222, and 3222 scatte
rates for largen3. The most significant reduction is in th
important 3121 rate, with the highly populatedu1& blocking
many scattering events, thus reducing this rate by abou
order of magnitude. Clearly, these results show that P
exclusion can be a significant effect and cannot be ignor

IV. POPULATION RATIOS

To examine the potential of the three-level asymme
quantum well system as a terahertz laser in the light of
new electron-electron scattering calculations, it is necess
to look at the carrier dynamics that govern population inv
sion. Previous calculations that neglected electron-elec
scattering4 suggested that significant inversion might be ea
to achieve in a three subband structure at low temperat
and/or small subband separations. However, the elect
electron scattering is stronger at smaller subband separat
and in particular the 3121 and 2111 Auger scattering p
cesses are very strong for large ground-state populat
~e.g.,;10031010 cm22).

The population of the lower laser subbandu2& is given by
a simple rate equation analysis as

s,
I.

FIG. 7. Intersubband electron-electron scattering rates, com
ing the exact rates~solid lines and dashed lines! with those from
calculations ignoring the Pauli exclusion effect~dotted and dash-
dotted lines!. This is for the three-level prototype structure with
2.8-THz emission energy,(ni510031010 cm22, n25n3, and T
577 K.
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dn2

dt
5n3w322n2w21, ~4.1!

wherew3251/t32 (w2151/t21) is the sum of all the radia
tive, acoustic-phonon, LO-phonon, and electron-elect
scattering rates from the thirdu3& subband to the secondu2&
subband~or secondu2& to first u1&). The radiative decay
rates are very slow (;1062107 s21) in comparison to the
other rates and can be neglected. At equilibrium there
steady-state population inversion (n3.n2) if

1

t21
.

1

t32
. ~4.2!

The ratio w21/w325t32/t21 thus gives the ‘‘population
ratio’’ ( n3 /n2). Note that our scattering rate calculatio
have assumed equal populations inn3 and n2, which is a
good starting point as the rates are not too sensitive to
exact electron densities. Only marginal inversions are
pected in prototype devices, and so this population ratio
be considered to be a measure of how easy inversion w
be to achieve.

Despite the promise of laser operation at useful elect
densities suggested by earlier calculations that consid
only electron-phonon scattering, we found that the stro
3121 electron-electron scattering process destroys any p
bility of attainingw21/w32.1, even at low temperatures, fo
electron densities of(ni510031010 cm22. At lower elec-
tron densities (1031010 cm22), we find it is just possible to
get w21/w32.1 at 2 K, but we have to go down to( ini
;1010 cm22 to see the possibility of laser operation for
range of prototypes and temperatures.

FIG. 8. A comparison of the total electron scattering rates
tween subbands, forn15n25n351010 cm22, for 2, 77, and 300 K
~as labeled!; the symbols indicate the summed ratesexcluding
electron-electron scattering for 2 K~1!, 77 K (3), and 300 K~* !,
respectively. The solid lines show the total ratew32 from subband
u3& to subbandu2&. The dashed lines show the total ratew21 from
subbandu2& to subbandu1&. Below 9 THz~at 2 K! the rates when
electron-electron scattering is excluded are lower than they-axis
minimum of 1011 s21.
n
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e
x-
n
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n
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Figure 8 shows how the total intersubband scattering ra
vary with structure and temperature forni51010 cm22. The
graphs both appear qualitatively similar to those includ
only the phonon scattering.4 The depopulation rate of the
second subbandw21 is increased by the addition of electron
electron scattering. However, the electron-electron contri
tions make a significant difference to theu3&→u2& rate (w32)
for low temperatures and below the LO phonon threshold
w32 now decreases to the electron-electron rate of ab
1011–1012 s21—instead of down to the electron–acousti
phonon rate~at ;1082109 s21).

The effect of these changes in scattering rates is h
lighted by Fig. 9. This shows the population ratiow21/w32 as
a function of the emission energy for the prototype terahe
devices in Table I. The calculations without electron-electr
scattering predicted an increase in inversion asE32E2 de-
creased, with steeper increases for lower temperat
~dashed lines!. In comparison, it can be seen that calculatio
including the electron-electron scattering~solid lines! predict
lower population ratios at smallE32E2, because of the in-
creasedu3&→u2& rate.

The inclusion of the 2111 electron-electron scattering p
cess tends to alleviate this reduction in population ratio
large E32E2 separations~above 5 THz!, as there the 2111
rate tends to a maximum, while the 3322 rate decrea
especially for lower( ini ~see Fig. 6!. This occurs because
electron-electron scattering rates are inversely dependen
the subband separation—and theu3&→u2& rate decreases
with increasingE32E2 while the u2&→u1& rate increases
with the corresponding decrease inE22E1.

This leaves an interval between this crossover and the
phonon threshold in the mid to upper-terahertz subband
where inversion (w21/w32.1) will not be suppressed by th
addition of electron-electron scattering. However, this
squeezed shut at higher temperatures, as theu3&→u2& LO

-
FIG. 9. Predicted population ratios for the range of structu

listed in Table I, forni51010 cm22. Results for a range of tem
peratures are shown by the solid lines. The dashed lines indicat
rates calculated for 2, 30, and 77 K when electron-electron sca
ing is excluded, clearly showing the importance of including th
effect for small subband separations.
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phonon emission rate starts to increase at subband se
tions below the LO phonon energy. This can be seen in
w32 rate on Fig. 8, as the dip in the 2 K curve between 3 an
8 THz. At 77 K and above the dip has gone, since
temperature-dependent increase in the LO phonon pop
tion has increased the LO phonon scattering rates above
u3&→u2& electron-electron scattering rate. This in turn d
rectly affects the population ratio.

At 50 K, inversion can still be achieved at emission en
gies between 4–6 THz, but only to population ratios o
maximum of about 1.2. However, as discussed above,
interval wherew32 is small gives us the peaks in the pop
lation ratios seen on Fig. 9. These peaks indicate that the
an optimum choice of temperature for a given structure
conversely, an optimum choice of structure for a given te
perature.

The effect of Pauli exclusion on these ratios is sm
However, for devices operating at higher electron densi
~i.e., .1031010 cm22 the results of Sec. III B show
that Pauli exclusion is not insignificant. For(ni
510031010 cm22 andn25n351010 cm22 there is a sup-
pression to about two-thirds of the rate without Pauli exc
sion ~see Fig. 7!.

Figure 10 shows how the population ratio depends on
electron distribution between subbands, for the optim
temperature-structure combinations suggested by the
positions on Fig. 9. In contrast to calculations that negl
electron-electron scattering,4 the trend is for only slightly
changing population ratios as electron density in the up
subbands increases.

Finally, note that all our prototype terahertz devices t
can achieve population inversion are unaffected by Rest
absorption. In both GaAs and AlAs, the Restrahl bands

FIG. 10. Predicted population ratios as a function of elect
density for the optimum choices of structure and temperature, w
ni51010 cm22. The symbols show the results for 30, 50, and 77
when electron-electron scattering is excluded. The 2- and 10-K
sults are not shown as they are above the top of the graph.
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both very narrow, with the most significant being that at t
GaAs TO phonon energy of about 33 meV~or 8 THz!. The
absorption tails that extend beyond this are very weak,
are negligible even for the prototype operating at 7.7 T
and 2 K.20

V. CONCLUSIONS

We have demonstrated the importance not only of incl
ing electron-electron scattering in calculations of intersu
band transition rates, but also that of considering Auger-t
processes and Pauli exclusion effects. These phenomen
particularly significant if the device relies on occurrence o
cutoff in the LO-phonon scattering rates for subband g
less than the LO-phonon energy.

Auger processes were vital in understanding the electr
electron scattering rates. Most dramatically, the 3121 sca
ing rate dominated the electron-electron contribution to
total ratew32 between subbandsu3& and u2&. At the electron
densities we would hope to use in a practical device, t
process extinguished any possibility of achieving inversi
even at low temperatures. Only at reduced densities wa
population ratio greater than one attainable. This means
these three subband structures are very unlikely capabl
producing practical terahertz lasers, but their simplicity is
advantage in understanding the important mechanisms
determine the scattering rates between levels. This kno
edge can now be transferred to more promising four subb
structures.4

The results also showed that the 2111 Auger proc
dominated the electron-electron contribution to thew21 scat-
tering rate, despite it transferring only a single electron co
pared to the two transferred by the 2211 rate. However
the calculations relating to the prototype terahertz devi
this electron-electron contribution was significantly smal
than the electron-phonon scattering rates.

The Pauli exclusion effect was shown to cause mar
scattering rate suppression in the prototype terahertz dev
between both laser subbandsu3& andu2&, as well as the lase
ground levelu2& and the lowest levelu1&. This was about an
order of magnitude for the important 3121 electron-elect
scattering rate, and up to a third for other rates in the(ni
510031010 cm22 case. Pauli exclusion has a minimal e
fect on the possibility of population inversion in our thre
level prototypes in the low electron density (1010 cm22)
limit. However, for a four subband structure operating at
more practical higher densities,4 these results demonstra
that Pauli exclusion will be important.

Finally, these conclusions led to an evaluation of the p
tential of optically pumped terahertz emitters based on
prototype devices that used a three-level asymme
quantum-well structure. We calculated that it is still possib
to achieve population inversion in these three-level syste
at 50 K, but that the achievable inversion is strongly dep
dent on having a low electron density to reduce theu3&
→u2& electron-electron scattering rates. Also, the resu
showed that there is an optimum combination of tempera
and subband separation required to give the largest pop
tion ratio and hence best device performance.
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