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The Effect of Interdiffusion on the
Intersubband Optical Properties in a
Modulation-Doped Quantum-Well Structure

E. Herbert Li, Senior Member, |IEEE

Abstract—The linear and nonlinear (based on optical field [9] and carrier-induced effects [10]. In addition, intersubband
intensity) intersubband absorptions in conduction band, and transitions in DFQW has been investigated and demonstrated
its change in refractive index in AlGaAs—GaAs interdiffused for wavelength tuning in the 8-12m range in the case

guantum wells (QW'’s) are presented. The calculation of the - , . .
electron energy levels and the envelope wave functions in aOf multiple QW's [11] and in 12-60:m range in the case

modulation doped interdiffused QW’s with screening effects are Of single QW's [12]. Postgrowth wavelength tuning of QW
considered. QW interdiffusion shows a wavelength tunability of infrared detectors by rapid thermal annealing has also been

the intersubband absorption peaks and refractive index disper- realized [13]-[15]. They are very useful for IR imaging
sions. This shifting of the transition energies is also demonstrated and atmospheric sensing. Theoretical calculations of linear

here to be a useful technique for broad-band and multicolor d i int bband obtical t i . W h
photodetector application. In addition, it can serve to remove 2nd nonlinear intersubband optical transitions in a QW have

noise, such as minor peaks and dispersions, in the optical spectra.been discussed [16]-[19]. The intersubband absorption for
. . . modulation-doped square QW'’s have also been investigated
Index Terms—Infrared detectors, modulation doping, nonlin- 201, H the effects of interdiffusi th dulati
ear optics, quantum-well interdiffusion, quantum-well intermix- [20]. However, the effects of interdiffusion on the modulation

ing. doped QW structures have not yet been analyzed. This is the
first time such investigation is performed on such structures.
Carrier effects on interdiffused modulation-doped semicon-
ductor square QW structures have been studied [21], [22].
MICONDUCTOR quantum-well (QW) heterostructureShe spatial separation between the charged dopant atoms and
ave attracted a great deal of attention because of thitie free electronic carriers creates an electric potential in a
novel electronic and optical properties over the past twanodulation-doped QW structure. This induced electric poten-
decades. The confinement of carriers in the semiconductiai will modify the original potential profile which includes the
QW's and superlattice structures, which lead to the quantizauilt-in and the external applied potentials. The modification
tion of energy levels and the formation of subbands, have begfithe overall potential profile leads to the changes in electron
studied extensively [1]. These energy levels can be tailoredergy levels and envelope wave functions. It further leads to
by changing the barrier widths and heights, well widths, arthanges in the electronic and optical properties of the QW.
by modifying the shape of QW and external applied electric In this paper, the intersubband optical processes in a mod-
fields. The use of nonsquare shaped QW's with a nonlinaalation doped AlGaAs—GaAs DFQW are considered. In order
graded bandgap profile along the growth direction, such ts determine the influence of interdiffusion and the carrier
those produced by interdiffusion, are of growing interest faffects on the QW thoroughly, DFQW's with different well
the controlled modification of the properties of QW structuresidths and aluminum concentrations are considered in several
[2]. This process modifies the quantized energy levels adiffusion extents. The carrier-induced effects are taken into
the respective wave functions of the as-grown QW structuaecount by solving the Scbdinger and Poisson’s equations
[3]. Consequently, the optical properties of the diffused Q\Welf-consistently. The transition energies, linear absorption
(DFQW) are modified and can be used to develop novebefficients, and refractive index changes in these modulation-
optoelectronic devices [4]. doped DFQW'’s are analyzed for potential applications in mid-
The first observation of the intersubband transition betweém far-IR photodetection. In addition, the nonlinear effect due
the ground and the excited states of modulation doped Gatdsthe optical intensity is examined and the saturation intensity
QW’'s by West and Eglash [5] in the infrared (IR) regioris also considered. In Section Il, formulation of the linear
has stimulated a growing interest in mid-IR wavelength apnd nonlinear intersubband optical-absorption coefficients and
plications [6]-[8]. These include nonlinear optical rectificationefractive indices in a DFQW is presented and the procedures

. . . for solving the consistent Sabdinger equation and Possion
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investigated. A wide bandwidth material for the applicationsherem. is the effective mass of the electron, heavy hole, and
of a multicolor photodetector and a broad-band material fight hole inside the QW for = ¢, hh, andlh, respectivelyw
photodetection are also proposed. Finally, the conclusions &¢he Al concentration ratio inside the QW and, is the free

given in Section IV. electron massEr is the Fermi level energy of the QW and
E, is the energy of each subband where the subsénipfers
Il. MODELING OF A MODULATION-DOPED DFQW to the number of that subbanti.is the temperature in degrees

Kelvin and k;, is the Boltzmann’s constant. The total density

A. Intersubband States ::11‘ ((:Lz?)rnie(resN,,S in the DFQW is summing over all subbands

Modulation-doped AlGaAs—GaAs interdiffused single QW
structures are discussed in this paper. The diffused Al compo- N,, = Z Ny (5)
sition profilew(z) across the QW structure is given by

1 L.+22 L. —94 The total surface concentratiaN,.; is equal to the doping
w(z) = wo{l 3 {erf< ~4Ld ) +erf< ~4Ld )} } concentration times the total width of the doped region. The

(1) density of carriersn,, in the GaAs well are obtained by
dividing surface concentratiow,, by the well width. The

wherew, is the as-grown Al mole fraction in the barridr, is duasi-Fermi level can then be obtained by solving (4) and

the as-grown width of the QW is both the quantization and (5) With the Schédinger equation and Poisson’s equation

the grown axis (QW centered at= 0), anderf denotes the Self-consistently [21]

error function. The various stages of interdiffusion are charac-

B . . 2
terized by the diffusion lengthZl, = (Dt).l/2 where D and? % Vire(z) = _dme [ + 1 — ne(2)]
are the diffusion coefficient and annealing time, respectively]. z £
A small value ofL, corresponds to a slightly interdiffused QW Viin(z) = Viu(z)
with the compositional profile almost rectangular and a large = —Vhe(2) (6)

value of L, corresponds to a more extensively interdiffused

QW structure. The compositional profile in the QW structurehere n., ny.;,, ny, are the spatial distributions for electron,
after interdiffusion implies that the carrier effective mass arfteavy hole, and light hole, respectively. The Hartree terms
the bulk bandgap vary continuously across the QW. THé&re. Virnn, andViy, are obtained from the Poisson equation,
interdiffusion-induced DFQW conduction band confinemernd the boundary condition has taken these Hartree terms equal

profile V(z) is defined here by to zero atz = 50 nm. The QW envelope wave functions
(eigenstates) will finally be obtained until the solutions of
Vo(z) = QclEg(#) — Eg(2 = 0)] (2) (3) and (6) converge. Since the envelope wave functions

i ) are slowly varying compared with those for the Bloch wave
whe_re th‘? zero potential is d_e_zfmed at_ the bottom (_O) of functions, the matrix elements can be written approximately
the interdiffused QW and positively up in the conduction ban s [25]

the absolute position of this zero potential (with respect to the

bottom of the DFQW) which varies witli,;, and Q¢ is the +o0

band offset splitting ratio. M = |q / Vy(z)2Vy(z) dz (7)
Using the Ben-Daniel and Duke model [23] with & e

position-dependent effective mass on the interdiffused COMRPnereq is the electronic charge, the subscriptefers to the

sition profile, by the one-dimensional (1-D) SoHiiger-like ,itial state, and?’ refers to the final state.

equation

R A1 )
2 dz |mi(z) dz

B. Optical Properties

|+ Ve =B @ 0 . |

With the Fermi level and the envelope wave functions
where/ = 1.2, .. are the QW subband levels for thecalculated, the linear and nonlinear intersubband absorption
electrons m*[;u(;)] is the electron effective mass in the C°€fficients and the changes in refractive indices to the optical

direction. Equation (3) is solved numerically using a finiter—adiation in the conduction band are readily obtained [21]

difference method with the confinement profile defined in (2)
and the boundary condition is taken to be zero at the end of q(w) =w \/EIIH[{—:OXZZ(Q))]
the barrier [24], and the eigenstates can now be obtained. €

In the DFQW considered here, the electrons, heavy holes, iy \/E » |MZ, |2 (ne — e )(hy)
and light holes in each subband are considered as quasi-two- e 5 (Ee — E¢ — hw)? + (hy)?
dimensional. For théth subband, the surface concentration of
carriers V., (cm~2) can be expressed as

| — 7= (8)
m;k (EF - E@) Iop
Ny = <7r712>kBT In {1 + exp [7/€BT } } 4) 1+ i
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_je (1 TABLE |
An”(w) - 5_ <%> RE[EOXZZ(w)] LisT OF PARAMETERS. w IS THE Al CONCENTRATION RATIO, m, IS THE FREE
01 ELECTRON MASS, AND &, IS THE DIELECTRIC CONSTANT OF FREE SPACE
= <2nr50> Refeoxz2(w)] Units Al Gay— ., As
1 1.424 4 1.594w + w(1 — w)(0.127 —
= E,(eV) eV 1.31w)
2n,.e
r&o me me 0.0632 + 0.856w + 0.0231w?
M, |2(ne — ne)(Ee — E — hw) ¢ o 13.18 — 3.12w
Sy R
By — By — hw)2 + (hvy)2 T K 300
A, (Ee — Ey )2+ (hy) " oy o
Iop MW/cm™2 =0 (linear) or =I5,
1 M o 1
> 9
14+ =22
Is
op
where
2
Lop =20, | B /e, £
D
s e (Bp — Ep— hw)? + (hy)? g
op T 2pc |MéZé’|2 ’ =
2 (0)
=1 Z Pec
ky
and 250 v
2 0 i
= Z pg’é)" _ 200 |
Ky 2 :
£ [
. . . > 150
wheren, andn, are the densities of electrons in the initial 2 [
(¢) and the final {) subbands of the intersubband transition & 100
of the unperturbed system}/* is the dipole operator in 3
the direction of the QW};, is the wave vector in the—y ) I TP I S
plane, andp(®) is the single-electron-density operator for the 0 10 20 30 40
unperturbed systent is the speed of lighty, p, €, andn, 200 pr T T
are the relaxation time, permeability, real part of permitivitty,
and the refractive index of the DFQW, respectivdly, is the s
intensities of incident optical radiation atg}, is the saturation 5
intensity of the intersubband optical transition between two §
subbandd and ¢, respectively, and® is the electric field of G
the optical radiation.
ol s o s o Lo o a2 b o 2 2 4

o b
0 10 20 30 40
Diffusion Length (&)

I1l. RESULTS AND DISCUSSION

In this section, theoretical calculations on the electron S _ _
energy levels, finear and nonlinear intersubband absorpif @ Sround stte enerd, aganct ilusen et ) hstoxced
coefficients, and changes in refractive indices of the DFQWE,, = &, — E, against diffusion length. The as-grown QW has Al
conduction band for various DFQW structures, carrier injegoncentration= 0.3 and doping concentratios 10'7 cm—3. Various cases
tion levels, and diffusion lengths are analyzed. of as-grown width- are shown.

The modulation-doped AlGaAs—GaAs QW structure is con-
sidered. The as-grown aluminum concentration in the barrier , )
is set atw = 0.2, 0.3, and 0.4, and well width equdls = 70, to be. founq. The QW material parameters used for calculation
90, and 130A. The doping concentration of Si at a distanc&"® listed in Table I.
200A away from the well center includes 10910'7, and 108 N
cm~3. Finally, the diffusion length, which represents the exteft: Intersubband Transition
of interdiffusion, is varied fronL, = O to 40A. These ranges The DFQW structures contain at most five eigenstates for
of the structural parameters represent QW’s with differeatl cases considered in this paper. Fig. 1 shows the ground
shapes, such as tall and narrow or short and wide and wilate energy;, first excited statéZ,, and their difference as
a continuously varying graded profile at three (high to lowg function of diffusion length up to 4, for cases ofL. =
carrier injection levels. This permits a more comprehensivi®, 90, and 1308, with doping concentration equal to 10
analysis of the DFQW and also allows optimization of the QWm~2. Since the wavelength position of the peak intersubband
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absorption is mainly contributed by the intersubband transition
energy between the ground state and the first excited state,
therefore, in order to analyze the trend for the shifting of
wavelengths as a function df,, it is necessary to know how
the subband eigenenergies vary.

As interdiffusion proceeds, both; and E> energies rise
initially to a maximum and then decrease monotonically
toward zero as QW intermixing becomes more complete. This
maximum appears earlier for narrower QW’s. The reason for
the rise is caused by a narrowing well as a consequence of
interdiffusion and is well documented [26]. The narrowing of
the QW process is more rapid for narrower as-grown well
widths. The reason for a delayed energy peak in the case of a
wider well width is due to the diffusing atoms require a longer
time (hence longel.,;) to reach the center of the well from
the heterointerface.

The range of variation of the second subband is much larger
than the first subband, especially in a QW with smaller well
widths (e.g.,L. < 90 A). As a consequence, the variation
of the transition energies between the first two subbands are
also affected as interdiffusion proceeds. Since the intersubband
absorption is mainly contributed from the first two subbands,
the transition energy between them are very important for
choosing the operation wavelength for the photodetector and
modulator. Fig. 1(c) shows the intersubband transition energy,
AFE;, = E>—FE;. As can be seemME 5 increases (blue shift)
initially for all well widths and eventually decreases (red shift)
to zero. In the ultimate limit of extensive intermixing, the QW
becomes a very wide well and energy separation between the
eigenstates diminishes, thusFE,, has to reduce with long-
term interdiffusion. The initial rise also demonstrates a slightly
more rapid eigenstate movement for the than theF;. This
is simply because the uppék state is more weakly bounded
and it responds more sensitively to the well shape changes.

It should be noted that although the intersubband transition
energy initially blue shifts, the eventual energy red shift with
interdiffusion behaves in an opposite way to the conventional
interband transition blue shift in energy. One way to explain
the two differences is that, for interband transition, after initial
interdiffusion has taken place, the gap between the valence and
conduction bands enlarges which accounts for a continuous
blue shift. In the case of intersubband transitions, it has no
direct dependence on the bandgap but only on the well depth,
which certainly is reducing with interdiffusion. In other words,
intersubband transition is a consequence of the eigenstates
separation spacing and interband transition has to account for
the bandgap change in the long diffusion time (length) range.

B. Linear and Nonlinear Optical Properties

It has been found that the higher the densities of electrons
inside the GaAs well, the higher the absorption coefficients
and the greater the change of refractive indices [10], [21].
This is due to the fact that an increase in electron densities in

absorption coefficient {1/cm) absorption coefficient (1/cm)

absorption coefficient {1/cm}
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the QW can enlarge the electron density difference betwegg. 2. (a) The linear and nonlinear intersubband absorption coefficients for
the lowest two subbands and their respective dipole momefggrown and interdiffused QW with doping concentration = (a)°1qb)

and (c) 10° cm~3. The solid lines are for cases with incident optical
The absorptlon coefficients and Change of refractive 'nd%nsny equal to zero and the dashed lines are for the cases with optical
are shown for both the as-grown and interdiffused structuri@gnsity equal to saturation intensity.
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Fig. 4. Saturation intensity versus diffusion length of QW's with different
well widths.

in Figs. 2 and 3, respectively. Optical intensity equals zero
and intensity set at saturation intensity, are shown for
comparison purposes. The absorption coefficients and the
refractive index changes are both reduced to halfigt For

the relatively largeL, shown here, fine structures appear at
the lower energy end of the interdiffused spectra. These are
due to the increasing number of eigenstates pulled down from
the continuum to the widened well top for these interdiffusion
extents. The effect of injected carriers, as expected, reduces the
absorption peak by one order as the carrier’'s concentration
lowers by one order. The values d@f, as a function of
different diffusion lengths are shown in Fig. 4. This value
is not sensitive to the level of doping considered here. Its
behavior is similar to the subband separation and finally comes
to about 1.3 MW/crh for all cases. It gives an indication
that with the use of optical intensity below this value, the
drop of the absorption coefficients will not be too significant.
The absorption coefficients generally increase with the doping
concentration for allL,; ranging up to 40A. However, in

the case of narrow widtl., = 70 A, the ratio of absorption
drop with increasing interdiffusion is larger for a higher carrier
injection level. This may be due to the larger screening effect at
higher doping concentration and a drop of the Fermi level for
longer diffusion lengths. However, this should require further
analysis.

C. Device Applications

In the analysis of the DFQW absorption coefficients over a
wide range of QW structures, it is found that the fundamental
transition energy varies considerably with the diffusion length,
and this property can be used for wide-bandwidth photodetec-
tion materials. Since the bandwidth of operation increases with
the rise of aluminum concentration ratio and the reduction of
well width, a wide-bandwidth (15.2m) DFQW material with
L. =70 A, w = 0.4, andL, varies from 0A (AE, =
6.9 um) to 40 A (AFE;2 = 22.8 um) is proposed here, as
shown in Fig. 5. Apart from a wide-bandwidth operation,
it can also be used as a material for multiple-color QW

Fig. 3. (a) The linear and nonlinear intersubband refractive index changesiiafrared photodetectors (QWIP’s). As observed in Fig. 5, the

as-grown and diffused QW with doping concentratien(a) 106, (b) 10'7,
(c) 10'® cm™3. The solid lines are for cases with incident optical intensi
equal to zero and the dashed lines are for the cases with optical intensity e
to saturation intensity. The QW has Al concentration = 0.3 Apd= 70 A.

t@gﬁerent Ly's is so small that a sharp discrepancy for the

overlapping between the adjacent absorption spectrum for

operation of the multicolor photodetector can be obtained.
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— T —3 .
= 10'7 cm3. concentration= 10'¢ cm=3.

widths (>100A), the variations ofLy only leads to changes

in a small transition energy of the absorption coefficients.
However, the absorption peaks remain approximately the same
when L, increases (note for smaller well width, e.g., = 70

A, the peak of absorption reduces Bgis raised). As a result,

it is suitable for the design of a broad-band IR photodetector
using a DFQW with larger well widths. However, it should be
noted that the operation range for AlIGaAs—GaAs is at a longer
IR wavelength region, which is approximately larger than 12
#m (100 meV) for all cases of Al concentration ratio.

There is a problem with the sensitivity of refractive index
change for the QW width set at a predesigned operation
wavelength [10]. If the control of the well width (10@)

. g during fabrication at a desired value is more than A0t
20 70 120 would cause a large change to the refractive index and also the
Photon Energy (meY) absorption coefficient. Since it is observed that the change of
Fig. 6. Absorption coefficients in different diffused QW's for broad-bandransition energy is small for a large-well-width DFQW, it can
photodetectionZ = 130 A and doping concentratios: 10" cm~. be used to correct the deviation of the transition energies due
to the error in well width fabrication. To demonstrate, results

Compared with the two-color photodetector using differemn the variation of refractive index change at differégts are
well widths [27], the DFQW has an added advantage allowirghown in Fig. 7 forL. = 90A. It can be seen that the diffusion
the fabrication of several wavelengths using the same as-grolength fromL, = 0 to 10A and 15A can shift the transition
size (on one single substrate) with post processing to makeergies to a range of 10-20 meV [see Fig. 2(c)] with| <
them operative at different,’s. It is therefore attractive from 0.004, which is sufficient to compensate the problem of the
a fabrication and integration point of view. In addition, ifwell width sensitivity.
we wish to modify the operation wavelength of the QWIP In the case of a wide as-grown QW (e.d., = 130 A),
post fabrication, it is fairly flexible if we use the technique othere exist minor absorption peaks and dispersions of refractive
interdiffusion to provide a tunable off-the-shelf material. Thandex change at a higher energy near the fundamental transi-
low absorption drop a, increases is also a favorable featuréon, see Figs. 6 and 8. The additional transition appears at the
for use as a photodetecting material. In Fig. 5, the operatihggher energy are due to transition between the lower to upper
wavelengths of the optimized DFQW include G:fn (Ly = states while those additional features for cases of latgésee
0), 7.3um (Ly = 10 ,&) 10.2 um (Lgq = 20 ,&), 16.3 um Figs. 2 and 3) are due to transition between the upper states.
(Lq = 30 A) and 22.8um (Lg = 40 A), which demonstrates The extra transitions for a wider QW width are due to more
a wide tunability. electron states being bounded. These minor absorption peaks

A second type of application for the DFQW material foand dispersion of refractive indices are undesirable since they
intersubband transitions is observed in DFQW with a larger asay cause noise or even error in photodetection. However, this
grown width, such ag. = 1304, shown in Fig. 6 for a broad- problem can be solved by interdiffusion. As shown in Fig. 8,
band operation of 6.pm wide (13.7-20.2:m). At larger well when the diffusion length is increased from 0 to B0 the

Ld=10A
Ld=30A

2000

1000

absorption coefficient (1/cm)
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