Electron capture in GaAs quantum wells via electron-electron
and optic phonon scattering
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Electron capture times in a quantum wglW) structure with finite electron density are calculated

for electron-electron(e-e and electron-polar optic phonaf@-pop scattering. We find that the
capture time oscillates as function of the QW width for both processes with the same period, but
with very different amplitudes. For an electron density of16m 2 the e-e capture time is

10'— 10 times larger than the e-pop capture time except for QW widths near the resonance minima,
where it is only 2- 3 times larger. With increasing density the e-e capture time decreases and near
the resonance becomes smaller than the e-pop capture time. Our e-e capture times are three orders
larger than the results of Bloet al.[Appl. Phys. Lett62, 1490(1993]. The role of the e-e capture

in QW lasers is therefore readdressed. 1€@96 American Institute of Physics.
[S0003-695(95)02752-9

The electron capture in a quantum well plays an impor- Ngm*e? (2 Fﬁmn(Q)
tant role in optimizing the performance of separate confine-  Njjmn(9)= 167Tﬁ3K2f R (2
ment heterostructure quantum we8CHQW) lasers. Quan- 0
tum calculations of polar optic phonon(pop emission 1 am* am* 172 12
induced capture in GaAs QW predicted oscillations of the 4= 5[292+ 2 Es—29 9>+ 72 Es) cosd|
capture time versus the QW width, which have been 3)

observed. The minima of the oscillations provide the opti-
mum well and barrier width for an optimized capture. At
high electron densities the electron-elect{ere scattering
induced capture is expected to be important. Bletral?
predicted that the e-e capture time in a GaAs QW with elec- x e~ W%l y (2) xn(2o). (4)
tron density of 18' cm2 oscillates with nearly the same Es=E;+E;— En—E,, the summation ovek, includes both
amplitude and period as the e-pop capture time. Away frongpin orientationsm* is the electron effective mass in GaAs,
the oscillation minima the e-pop capture was weak and the;, the static permittivity,A the normalization arec; the
e-e capture was expected to increase the threshold current dyppand energy anfj(k,) the electron distribution in sub-
the SCHQW laser via excess carrier heating in the QW. band j. Wave functionsy; are obtained assuming the

In this letter the e-e and e-pop scattering induced capturg.dependent, flal’-band with parabolic energy dispersion,
times are recalculated for the same SCHQW as in Ref. 3. Wﬁlterpolatea between the GaAs and AlAs. To deal with the
find that for an electron density of 1cm™? the e-e capture 9.3.ey QW we take x=0.305. The e-e capture time
time is 13— 10° times larger except for QW widths near the o o=3 Fi(K)/Z1 e mfi (KON, m(K), Where the summation
resonance minima, where it is only-2 times larger. For gyeri (rﬁ) includes the subbands abofzelow) the AlGaAs
densities above~5X 10" cm™? the resonant e-e capture parrier. and summation ovérn in Eq. (1) involves the sub-
time is smaller than the e-pop capture time. This optimizegands below the AlGaAs barriefr,(ko) is the Fermi function
the capture. The e-e capture is found to be too weak to causgken at temperatar 8 K and for an electron density
an excess carrier heating which is in contrast to Ref. 3. Ng=10" cm 2. (q) =1+ (qs/q)F1114(a) f1(Ko=0) is the

We analyze the AlGa_,As/GaAs/AlGea_,As QW  gtatic screening function due to the electrons in the lowest
with 500 A Al,Ga _,As barriers, embedded between two subband, whereqs=e?m* /(2 w«#2).
thick AlAs layers. When two electrons in subbarids with Full circles in Fig. 1 showr,_, versus the QW width for
wave vectorsk andk, are scattered to subbandsn with £ (k) taken as a constant distribution up to 36.8 meV above
wave vectork’ andk, the e-e scattering rate of an electron the AlGaAs barrier, which models the injected “barrier” dis-

Fumi@= [ oz 220

with wave vectork from subband to subbandn read$ tribution after a phonon coolinty® In the inset our calcula-
1 tion is compared with the result of Ref. 3. Both curves os-
Nim(K)= N_Z f;(Ko)Xijmn(9), (1)  cillate with the QW width and reach a resonant minimum,
Ainko whenever a new bound state merges into the @\ shift of
whereg=|k—Kg, our resonances to slightly lower QW widths is due to differ-
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FIG. 1. E-e capture time,_, vs the QW thickness foNg=10" cm 2. In > 71-11, E,= 230.8 moV|
the inset these results are compared with the (atsssesfrom Ref. 3. VC 91-11, E;= 241.0 meV/
£
ent effective masses in GaAs, AlGaAs and AlAs, which we
considered when we calculated the electron wave fundtions

However, ourre_. is two-to-three orders larger. The differ-

. . . -1

ence of a factor of 4 is due to the missing factor of 1/4 in the gm7]

e-e scattering rate of Ref. Bee Ref. 4 for detaijs but the

remaining difference is still huge. FIG. 3. E-e scattering rate;;m, vs the wave vectog. (a) Calculation with

)
In order to provide insight we consider the QW width form factors from Fig. &). (b) Calculation withFjpm,=1

w=49 A. To demonstrate how the form fac{see Fig. 2a)]

affects the e-e scattering rate, we compare in Fi@ 3 two orders larger than the subpicosecond capture times

Nijmn(Q) as obtained usindfﬁmn(q), shown in Fig. 2a), shown in Fig. ). Subpicosecond e-e scattering is charac-

with \jjmn(g) obtained withFf;,=1. The latter is between teristic for intrasubband transitions as illustrated in Fig. 3 for

~10% st and ~4x10% s~ for all capture transitions and \1114(g). The form factorF,,;, reducesk;14(g) insignifi-

its dependence onj,m,n is manifested througks. Figure  cantly and\1114(g) values are close to similar calculations of

3(a) shows a quite different behavior and the relative impor-Ref. 6. We believe that Ref. 3 predicts much smaller e-e

tance of the individual transitions is determined by the formcapture times due to a numerical error. It is straightforward

factors[Fig. 2(@)]. The individual capture times are at least to verify Fig. 3b) quantitatively, because formul@) is re-
duced to a single-integral fdf;;,,= 1. As for the form fac-
tors, we can reproduce those published in Ref. 3. It can be

10° : : : 4x1072 , . , seen that the results in Fig(é3 have correct order of mag-
il nitude, since they follow from Figs.(B) and Za).
The e-pop scattering rate of an electron with wave vector
k from subband to subbandn reads(for emission’

eom* (1 1) (2r Fiimm(a)
Aim(k)—W(K_m ; fo d@w, 5

2m* m* 1/2 1/2
q={2k2+ 2 P—2k| k?+ 2 P) cosd| (6)

whereP=E;—E,,—hw, fwo is the pop energy and,, is the
high frequency permittivity. We calculate the e-pop scatter-
ing induced capture time,_,,, by averaging Eq(5) as dis-
cussed forr,_¢. Figure 4 compares, p,, with 7., param-
eters and the constant distributidf(k) from Fig. 1. The
Te—pop data shown by empty circles are calculated using the
FIG. 2. (8) Square of the e-e scatterigg Tfﬁrn_ﬁ Le}cﬁa;n?n(qg vs tlhi \/;/?k\]/e same static screening(q) as for the e-e scattering, empty
I o . ety ey 5 o o sty SIS SOy for e(6)=1. A calulaton with
34, .., 9 have subband energies above the AlGaAs barrier. Except for thd1@MIC SCreening will give res‘,"ts between these two extreme
transition 11- 11 all other transitions are the e-e capture transitiétmsThe ~ cases. We conclude that_ is one-to-three orders larger
e-pop scattering form factoi;;,,m(q) are shown for comparison. than 7o o, except for QW widths near the resonance
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FIG. 4. E-pop capture time,_,q, and e-e capture time._. vs the QW
thickness forNg=10' cm 2. Open circles showr,_p,, for the statically
screened e-pop interaction, open squares shgw,, for the unscreened
e-pop interaction and full circles are thg_, data from Fig. 1. Crosses,
asterisks and pluses at 43 A and 46 A show the. data for
Ng=2.8x 10" cm 2, 5x 10" cm 2 and 132 cm ™2, respectively.

FIG. 5. E-pop scattering rate;,, vs the wave vectok for the QW with
width w=49 A. (a) Calculation with form factors from Fig.(B). (b) Cal-
culation withF;;,»=1.

minima. This conclusion differs from previous analysis , . : . . :
which predicts nearly the same oscillation amplitude in bothtalnecj usingFiimm from Fig. Ab) with the rates obtained

cases. Reference 3 predicts that in the SCHQW lasers withW'th Fiimm=1. The individual e-pop capture rates in Fig.

. ) N, &a) are governed by the relevant form factors, while for
QW width below 40 A the e-e capture causes significan - —1 [Fig. 5b)] one only finds a simple dependence on

excess carrier heating in the QW. Figure 4 does not suppog'l' Compared to the e-e scattering rates in Fig) the cor-

this conclusion, because the e-e capture is negligible. responding rates in Fig.(® are systematically higher, be-
Now we assess the dependence of both capture times ori b 9 9. Y y higher,

the electron densitis. For Ng=10' cm 2 and tempera-  Couoc the e-pop capture rate &5l depends ofF imp lin-

ture 8 K the static screening(q) is independent oN early while the e-e scattering rate E@) depends ofFjmn
becausef,(0)=1. Therefore, ther values in Fi 5’4 quadratically. This fact makes the e-e capture less effective
would belthe sahe also for’ highgr_spgpnd ther , vaI%es than the e-pop capture except for high electron 'densit.ies.
would decrease approximately IiIMeg1 for each QW width. In summary, the o€ an_d €-pbop Capture_tlmes n Fhe
In Fig. 4 we showr,_, for Ne=2.8x 101 cm2, 5x 10 SCHQW capture (_)scnlate with the same pe_rlod, but with
em-2 ;and 162 cm‘zer;? QW V\?idth.s of 43 A an(:i a6 A Ar Ve different amplitude. The e-e capture time is much larger

43 A 1, . is much larger tharrs_ 0, even forNg= 1012 cm than the e-pop capture time except for the QW widths near

~2 gue to the absence of resonance. At 46 A, when the ﬁrsrtesonances, where it can be even smaller for electron densi-

excited subband merges into the QW, . resonantly de- t|e§ ¢ lose to 18 cm™* which leads t_o an |_mpr0ved capture
: efficiency of the QW. However, an inefficient e-pop capture
creases about 500 times and becomes smaller taap,,

when Ne=5x 10" cm2, WhenNg=10 cm~2, the total in the SCHQW Ia;er should not lead to excess carrier
. : heating due to e-e induced capture, because away from the
capture timere ¢Te pop/ (Te—eT Te—pop) 1S 3.8 ps for the un-

screened e-pop capture.(.o.=11 p$ and 4.3 ps for the resonance it is still much stronger than the e-e capture.
Pop capluree pop P © P K.K. was supported by the Open Society Fund, Charta

screened e-pop Capturee(pop=18 p9. Thus, compared to 77 Foundation and Slovak Grant Agency for Science, M.M

the caser,,=0 the capture efficiency of the QW with the gency R

optimized (resonant width can be improved with a factor by the Slovak Grant Agency for Science, and F.P. by the

2.9-4.2 by increasingNs to 102 cm 2. For No>10%2 Belgian National Science Foundation.

cm 2 the capture time is expected to increase because the
electrons interact with a coupled system of electrons and
phonong
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