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Doublet structure in the absorption coefficient for tunneling-split intersubband transitions
in double quantum wells
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Calculations of the absorption coefficient for tunneling-split intersubband transitions in double quantum
wells are presented and the line shape is analyzed as a function of the temperature and dopant concentration.
The peaks in the absorption coefficient correspond to tunneling-split intersubband transitions resulting in the
resonant absorption of light. The lower-energy absorption peak is induced by electron tunneling. This doublet
structure accounts for the transitions between the tunneling-split originally degenerate ground-state subbands in
the isolated quantum wells and corresponds to the transition from the Fermi edge of the lower tunneling-split
subband and the transition to the Fermi edge of the upper tunneling-split subband. These two transitions are
unresolved at low temperatures but become resolved at high temperatures. When the dopant charge density is
increased, the absorption peak strength increases. It also brings out another unresolved absorption peak due to
the transition between tunneling-split excited staf88163-18206)01320-3

There _is now a broad interest in double quantum We”%igenfunctions byl ¢ (F):eXp@@an)gn(Z)/JK wheren is
(DQW's) in the presence and absence of an external magr—h ll

netic field. We are interested here in the frequencyn® Subband index,=(r)|,2) is a position vectork) and

dependent absorption coefficient of DQW’s. The quasiparti/|| &reé two-dimensional2D) vectors,A is the sample cross-
cle energy is calculated in the self-consistent Hartreg€ctional area. The confinement of an electron inzthgec-

approximation, including electron tunneling. The effect of gtion within the double quantum wells leads to discrete energy

subband-dependent electron effective mass for the quantizgsl(;lJ bbands that are self-consistently determined by the Schro

s . ; nger and Poisson equations for the Hartree potefittal.
energy levels within the wells is also considered. When the \ya se linear response theory to obtain the absorption

electron gas with a positive jellium background is perturbedzgefficient for the tunneling-split intersubband transitions in
by an external electric fleld, the induced denSity ﬂUCtuatiorh doub|e-quantum_we” structure. A Straightforward calcula-
of the electrons will oscillate with a normal mode frequency.tion shows that the absorption coefficient is given by

It introduces into a collective dipole moment in the system.
We present a theory for the absorption coefficient in the Bapd @) = [w/n(w) €] [1+ ppr(@) [IMay (), (1)
DQW'’s structure when an induced collective dipole momentvhere Im indicates that ”11? imaginary part must be taken,
in the system is included by a self-consistent equation. Thépr(®) =[expfiw/kgT)—1]"" is the photon distribution fac-
coupling of the total dipole to the external electric field gives!or: anda, () is the Lorentz ratiddefined as the ratio of the
rise to energy absorption, which is represented by the ap-Ourier coefficient of the absorbed energy at frequencyf
sorption coefficient we derive in this paper. The polarization® ProPing field to the square of its ampht?cgaven by

of the electric field is assumed in tlzedirection, parallel to -e 1 - - -Eext _ioo;

the growth axis so that the tunneling-split intersubband tran- @L(®)= EAL 2 | dronpg(r,o)r g ° A,

sitions of the DQW’s can be excited. Zahy'? did a con- et T2 ex 2
siderable amount of work on the spectral line shape of interynereE, , is the amplitude of the external electric fielé. The
subband transitions in S|_ngle guantum wells. His resultqength of the region containing DQW's is denoted lbyand
show that when the effective masses of the quantized levelg js the sample cross-sectional area. The frequency-

are energy dependent, the peak positions and line shape aigpendent refractive indeX ») of the medium is defined by
affected. In a recent paper, Gumbs, Huang, and Loedlr

iy 1 Rex
culated the temperature dependence of the peak positions of n(w)=—|¢,+ ﬂ
the absorption coefficient of a single quantum well. Gumbs V2 €o
and Arin® also calculated the tunneling density of states and > 511/2
. e _ Rea| (w) Ima| (w)
plasmon excitations of a DQW's in the absence of a mag €+ + @)
netic field and the magnetoplasmon and Bernstein-like b €9 €9 '

modes in a perpendicular magnetic figldVe consider Here, ¢, is the averaged optical dielectric constant of the
tunneling-split intersubband transitions and describe thaystem, and Re denotes taking the real part.
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The induced electron density has a planar Fourier trans- Umm’;nn’(aH vEH):Uc(qH)Imm’;nn’(qH)y ©)
form that is given by
5n|nd(q\| VZ; w)— nzkH nEE FkH k/(qH)Hn kH ,’IZ\’I(w) Imm’;nn’(quJ dzf dzlgm(zl)gm,(zl)
I —w .
X 2 {eE™ Tk o g (qH) xe 917 "2 \(2) 20 (2), (10
gl
+oda))Fi () Ko (0 ,0)} Znnfszxdzmz)zgn/(z). (12)
Xn1(2)En(2), (4  After Eg. (8) is solved for the matrix elements
whereuv(q) is the 2D Fourier transform of the bare Cou- K, ., /|eE®, the results must be substituted into E4). to
lomb potential, obtain the induced electron density. This result fior,q is
fo(Enk,)—fo(Ens K ) then substituted into E@2) for the Lorentz ratio. Calculation
I

ok (@)= .
nk\ ,k ho— (E ’k n’kH)+|’y

Here, y—0" is a broadening parameter due to scattering, aL(a))=— 2 2 m - (@)
fo(E) is the Fermi function, andE,g =E +h2kH/2m’; Znn ”kH'”"‘H*qH

are the energy eigenvalues. A|SO,F|<H,|<H(5\|)

(5)  shows that

Lan ki q

X{Zpw +0 Q) Knn (0, @)/ [eEZT ). (12)

=(K/le” k) _ _ _ _ o
- - I . Since the dipole matrix eleme#t,, in Eq.(11) is finite only
Mok ;n’,IZ"l(QH)E<n-kH|re TN kp, (6)  when{,(2) and . (2) have different spatial symmetry, the
. . only allowed contributions to the Lorentz ratio in Ed.2)
K (Qy )= dzj dze"Nz2s (27 (2 and subsequently the_ absorptlpn coefflqent in Ek).are_
() wa o £ (2) between the symmetric and antisymmetric states. For single-
. particle excitations, the absorption coefficient in the long-
X dNing(q,2"; w). (7)  wavelength limit has been calculated as
Equations(4) and (7) combine to give the self-consistent
field equations foK ()|, @) as a(@)=— (26L) S |Zow|2Xnm (@), (133
2 0 n,n’
E, 5”'“5”’”"_KEE Hi‘")zu'“'v'zn*du
n.n I
. Xow (@)= (UAZ I ¢ (o). (13D
> - Knn’(cmaw) gl
X () Uiy (0K | ==
( e (- |e E® In particular, atT=0 K, we obtain
2 0 - 40 2 2)2 232 2
= — Z_ H;I)Z N K (+G (w)lmm/;nn,(qH)Znn,, (8) R (@)= 1 n (0~ w]) +4yh o
Anarky TRl X&) 20 | A% (07— w]) P+ AyPh 202
where (143
|
arctafi2 yfi o/h?(w?— w?)]—arctafi2yh o/h?(w?— w3)], ho<ho,
1
IMxnn ()= 7 arctafi2 yfi w/h(w?— w3)]-arctafi2yho/h2(w?— w3) -7, ho<ho<fio, (14b
a
arctafi2 yh w/#3(w?— w?)]—arctafi 2 yh o/ 3 w?— v2)], ho=hao,,
|
where (14b) will contribute directly to the absorption. The transi-
—(hY2)[1/m* — 1/m?, 1 tion in Eq.(15b) is from the Fermi edge of subbang while
b=(A%/2)[1/my fmy ], (153 the transition in Eq(15¢) is to the Fermi edge of subband
202 = (h212m*,) (K2 12 )24 42 (15b) n’. When only the two lowest subbands are occupied, the
! n’ FoonE ' low-energy single-particle excitations clearly correspond to
ﬁ2w§=(h2/2m;‘)2(kﬁF—kﬁ,F)2+ 42, (150 the transition from the Fermi edge of subband 1 to the sec-

ond subband, and the transition to the Fermi edge of subband
Here k,r andk,  are the Fermi wave numbers for subband2 from the first subband. These excitations are shown sche-
n and subbanad’, respectively. The imaginary part in Eq. matically in Fig. 1. There is a doublet structureTat 0 K
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FIG. 1. Schematic of the single-particle transitions when only g1 2. The absorption coefficiefin units of 1¢ cm™ 1) for a
the two lowest tunneling-split subbands are occupied. These corrgg, pie-quantum-well structure @t=17 K as a function of the in-
spond to the transition from the Fermi edge _qf subband 1 tq theigent photon energy expressed in terms of the ground-state
second subband, denoteq as 1, and the transition to the Fermi Edgfhneling-splittingA E,,=2.74 meV. The middle barrier has width
of supband 2 from the first subband, denqted as 2. The subbargh & and each quantum well is 75 A wide. The barriers are uni-
energies arEn'kH:En+h2kﬁ/2m: (n=1,2) withmz >mj . formly doped and have a volume dopant density of
10.0x 10" cm™ 3. Here, 1 denotes the peak containing the two un-
peaked afiw=7fiw,; andfw,, respectively. There is no sin- resolved peaks for the transition from the Fermi edge of subband 1
gularity in the imaginary part in Eq14b) even when the and the transition to the Fermi edge of subband 2.
broadening goes to zero. However, when the condition
v=0.1AE,,=0.275 meV, wheré\E,, is the separation be-
7h | (02— w1)(w+3w1) (3wt ;) tween the two lowest subband edges. From the self-
Y= 16 (wy+ wq)? (160 consistent Hartree calculation, we find that only the two low-
est tunneling-split subband edges lie below the chemical
is met, the doublet structure should be best resolved. Thpotential at all temperatures from 0 to 300 K for a dopant
logarithmic singularities in E(148 will change the screen- concentration 2.4 10'2 cm 2. However, when the dopant
ing significantly and occur as two plasmon excitation modesconcentration increases to &Q0%2 cm 2 all four
When T=0 K, we found that the peak strength at tunneling-split subband edges are below the chemical poten-
hw=hw, is larger than that sk w =7 w,. tial in the same temperature range. If we are only concerned
The appearance of a doublet structure at high temperatusgith the low-energy excitations in DQW'’s, we find that the
is understood as follows. At high temperatures, there are twonly two possible tunneling-split intersubband transitions are
additional contributions to the optical absorption coefficientl—2 (denoted as peakl) and I —2' (denoted as peak
that make the appearance of a doublet structure easily ob-1").
served. As a result of thermal depopulation at finite tempera- In Fig. 2, we show plots of the absorption coefficient
tures, there will be additional unoccupied states in subbang, { ») and its frequency derivative as a function of the
2 and occupied states in subband 1 both below and above tidoton energyiw at T=17 K. From it, we see only one
Fermi level atT=0K. Sincemj >mj , this causes a down- high-energy peak 1 for the energy range shown here because
ward shift of the transition peak 1 and, at the same time, aonly the subband 1 and 2 are populated. Peak 1 actually
upward shift of the transition peak 2. Consequently, the peakontains two unresolved peaks due to their small separation
separation increases with the temperature, which is the majand relatively large broadening. When the relaxation time
reason for the observation of a doublet structure in the abincreases, the condition in E¢L6) will be met. Therefore,
sorption coefficient at high temperatures. Since the transitiothe splitting of these two peaks can be accomplished. The
between largédc states has larger oscillator strength, we canlower one corresponds to the transition from the Fermi edge
easily understand that an imbalance will be introduced by thef subband 1, and the upper one is for the transition to the
finite temperature between the strength of peak 1 and pedkermi edge of subband 2. The left-side edge of peak 1 is
2. Therefore, the transition peak 2 only occurs as a shouldetetermined by the number of thermally excited electrons
on the high-energy side of the peak 1. above the Fermi edge of subband 1, while the right-side edge
The bare confining potential,(z) is zero inside the well is decided by the number of “hole” states created below the
and 0.26 eV outside. The background dielectric constant anblermi edge of subband 2. The slight asymmetry in the line
the electron effective mass for the bulk material making upshape is due to the lardestates of thermally excited elec-
the barrier region is taken as 12.0 amg=0.08n,, respec- trons above the Fermi edge of subband 1, which gives larger
tively, wherem, is the free-electron mass. The correspond-oscillator strength asn3 >m7 . The peak broadening and
ing parameters for the well region were taken as 13.0 andhany-body depolarization effect slightly shift peak 1 above
my,=0.67m,. We chose the parameter representing the efthe separatiol E,, between the two lowest subband edges.
fect due to scattering in the polarization function as In Fig. 3, we show plots of the absorption coefficient
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FIG. 3. The same as Fig. 2 except tfiat 300 K (dashed ling FIG. 4. The absorption coefficieritn units of 1¢ cm™1) at

and T=400 K (dashed-dotted line The same energy scale T=17 K as a function of the incident photon energy expressed in
AE;p=2.74 meV as in Fig. 2 is used. Here, 1 and 2 denote thgerms of the energy scaleE;,=2.74 meV. The middle barrier is
resolved low and high peaks split from the previous unresolvedig A wide and each quantum well has width 75 A. The barriers are
peak 1 of Fig. 2, respectively. uniformly doped and have a volume dopant density of
25.0< 10 cm 3. Here, 1 denotes the peak containing the two
Bard w) at T=300 K and afT=400 K as a function of the unresolved peaks for the transition from the Fermi edge of subband
photon energyiw |n thls Case, we flnd for the energy range 1, and the transition to the Fel’mi edge Of Subbahd \BhICh are
shown here that peak 1 is resolved into a doublet. Al_the tunneling-split originally degenerate first excited state in the
T=300 K, a high-energy shoulder “2” occurs in the spec- 'solated quantum wells.
trum. With the increase of temperature, the peak strength of

this shoulder “2” increases and a pair of split peaks be-resylt, another new unresolved peak Hecomes visible on
comes clear. At the same time, the separation between thfe low-energy side besides the previous unresolved peak 1
split peaks increases due to more “hole” states being creategh the spectrum. The peak strength of peak 1 increases
around the Fermi edge of subband 2 at high temperaturesiightly with the dopant density. The broadening of peak 1 is
compared with those around the Fermi edge of subband 1 aeduced compared with Fig. 2 because the difference of
m3>mj . The difference betweem,; and w, increases. Fermi wave vectors for subbands 1 and 2 decreases with the
Consequently, the condition in E(L6) becomes more easily total electron density whem3 >m7 . Moreover, we find the
satisfied. Both the transfer of the peak strength from “1” to broadening of peak‘lis smaller than that of peak 1. This is
“2” and the increased peak separation make it possible fobecause the effective mass of the electrons in the excited
us to observe the doublet structure in Fig. 3. Although thestate I and 2 is larger than in the tunneling split ground
peak position becomes insensitive at high temperatures, tHgate 1 and 2. It is also due to the small tunneling splitting
peak strength still increases with the temperature as eXaetween the excited state and 2. The peak strength of
plained above. peak 1 is larger compared to that o_f pe_ak 1. This also results
Figure 4 shows a plot oB{®) as a function of the from tr’1e sr_nall_ split peak separation inside the unresolved
incident photon energyiw at T=17 K for high dopant peak 1' w_hlch mcrfaases the overlap of the two unresolved
charge density 60102 cm 2. The energies of the four peaks inside peak’l
lowest energy levels at this increased density below the The authors acknowledge the support in part from the
chemical potential areE;=0.2861 eV, E,=0.2881 eV, City University of New York PSC-CUNY Grant No.
E; =0.3453 eV, andE,,=0.3460 eV. The tunneling split- 664279. The work of D.N.T. was supported in part by the
ting in the excited states’land 2 is suppressed by the National Research Council Associateship Program, National
Hartree interaction. This will shift down the peak positions atScience Foundation Grant No. ECS-9521659, Research Cor-
w=w,; andw,. Compared with Fig. 2, the high dopant den- poration, and by the American Chemical Socié®gtroleum
sity allows electrons to populate subbandsahd 2. As a  Research
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