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Influence of é doping position on subband properties in In, ,Gay AGaAs heterostructures
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Subband properties of Stdoped pseudomorphicpGa, As/GaAs heterostructures have been investigated
by solving the Schidinger-Kohn-Sham equation and the Poission equation self-consistently, and by the
density-density dynamical response function. The shift of the san®eddped layer from the quantum-well
center(the origin is at 0 A) to the barrier (310 A) has been studied to find its effect on subband electron
densities and mobilities. The electron density of the first subband is greater thai®@%6cm 2 when a
S-doped density of 4810 cm 2 is placed in the well. It is only 2.0610'? cm 2 for the doping position
with a 85-A spacer layer. The electron occupation of the second subband is 15.4% in the well-center-doped
structure. It is up to the maximum of 42.3% at 130 A. The electron mobility is not changed significantly for
the first subband, but is varied noticeably for the second subband by moving thddping position in the
well. The highest electron mobility is obtained at about 110 A for the first subband, and at about 290 A for
the second subband. The calculated results are also compared to the corresponding experimental data.
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I. INTRODUCTION ward the (110 semi-insulating GaAs wafers were used as
substrates. The details of $idoping have been described
Heterostructures based on materials in the I1I-V and I1I-Velsewheré!

nitride families have been studied extensively for high speed The In, ,Ga gAs/GaAs heterostructures studied in this pa-
and optoelectronic applications’ There has been a great per are of the same Sb-doped layer placed from the
interest in combining a delta dopings (doping with a  Iny,Ga, gAs well center to the barrier. However the basic
heterostructure-based quantum well to improve the electricdh, ,Ga, gAs/GaAs heterostructures, such as the well compo-
transport properties of the systefid? The s-doped layer sition and thickness, are kept identical. The width of the
can be placed at the center of the well, which can achievguantum well is 100 A. Therefore, positidA) at the well
high carrier densities in the well but produces limited elec-center is 0 A, positionB) at the well-barrier interface is
tron mobilities because the charge carriers and impuritie§0 A, and positior(C) is 200 A with a 150-A GaAs spacer
share the same region of space. Thdoped layer can also layer. The Sié-doped electron density is taken as 4.5
be placed outside the well, or in the barrier region, to achievex 10> c¢cm~2 per layer.
higher mobilities owing to the fact that the mobile charge To check our calculations, three Sis-doped
carriers are separated from the ionized impurities. Althoughn, ,Ga, /As/GaAs heterostructures corresponding to the
different 6-doping configurations, in whicl#-doped layers above structures[(A)—(C)] were grown, respectively.
were placed at different positions with respect to the quanShubnikov—de Haa$SdH) measurements were made over
tum well, have been tried experimentally to optimize thethe magnetic field range of 0—12 Tesla at 1.5 K. The samples
position of thes-doped layef**~*%the relation of subband were in Hall bar geometry with alloyed Au-Ge Ohmic
transport properties with the shift of thiedoping position is  contacts.
not clear. In this paper, we investigate, as an example, the In order to understand the electron properties of the
subband electrical properties of Sidoped pseudomorphic present many-electron systems, one needs to solve the Kohn-
Iny-Gay gAs/GaAs heterostructures by changing the dopingSham Schidinger equation
position from the well center to the barrier (0—310 A). Both

the subband electron densities and mobilities of the first and 72 d?
second subbands are studied as a function of the doping — — +Vei1(2) | p(2)=E ¢ ,(2), (1)
position. 2m* dz?

in conjunction with the Poission equation, self-consistelily.
In the above equatiorg is the coordinate along the growth
Si 5-doped I ,Ga gAs/GaAs heterostructures were direction, Vq¢¢(2) is the effective potential which contains
grown in low-pressuré76 Torr) metalorganic vapor phase (1) the Hartree potentialy(z), (2) the exchange and corre-
epitaxy at 630°C. The precursors included trimethylgalliumlation potentialv,.(z) of Hedin and Lundqvist® (3) the
(TMGa), trimethylindium(TMIn), and 100% AsH. The car-  background potential profil&,(z), and(4) the potential en-
rier gas was K and the doping precursor was 500-ppm SiH ergy due to strain effec. The subband charge densities
diluted in H,. The growth rate was 2um/h for GaAs and n,, wave functionss,, energy level& ,, and Fermi energy
1.2 wm/h for Iny Ga gAs. (100)-oriented with 2° off to- Eg for the interacting inhomogeneous electron gas can be

II. EXPERIMENTAL AND THEORETICAL MODEL
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well described within the framework of the effective-mass
approximation. The details of the calculation procedure have o oo ‘
been given elsewheré. \ o | |

The dynamical response of the inhomogeneous electron - . :
system is described by the density-density correlation func- 3k, \ |
tion x(qj,;z,z2"), which can be obtained by solving a (. . |

Dyson-type integral equation \ |
‘O...OO...OO...
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X(qH,w;Z,Z')=XO(Q||,w;z,z’)—fo fo dz,dzx° ",

X (0, w;2,29)V(q),21,22) x(d), ;2,2"),
2

wherelL is the length of the heterostructurqé’,(q” ,0;2,2")
is the response function of the noninteracting electron sys- 2
tem, andV(q;,z,,z,) is the electron-electron interaction

potential®?> The noninteracting response  function Distance (/i)
x°(q),»;2,2") is defined by
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FIG. 1. T values of the first and second subbands as a function
Xo(q” ,;2,2") of Si & doping position for InGaAs/GaAs heterostructures at 1.5 K.
The well center is at 0 and the heterointerface at 50 A.

occ all
= S, ’ , AZ)P, z' a'\Z) Dy z' , _
2 2 Sew(0:0) 8D Po(Z) b (Db (2) om0 I[p(w)]. ®
(3)  Then the electron mobilityt,, of the ath subband can be
. btained b
where the matrixs, ,(q;,») reads oblained by
wa=0,d,len,, (7)
o dzkH f(EkH,a)_f(EkH+qH,a’) . i
Sear(q ,w):zj 5 —. (4) Wwheree is the electron charge, ard}, is the full electron
0 (2m)° Egrqpar ™ Bk oIl density profile width at the half-maximum of theth
subband.
In the above equatiod; is the phenomenological damp-
ing parameter, which is provided mainly by ionized impurity ll. RESULTS AND DISCUSSION

scattering at low temperatures and determined by sample
quality. Usually, the value of the damping parameter at the In our calculations we only consider the lowest two sub-
5-doped position is greater than that outside the doped pospands =1 for the first subband and=2 for the second
tion due to high-densitys doping. In our calculations] ~ subband due to the fact that they are occupied by most of
=4.0kgT, 2.%gT (kg being the Boltzmann constant afd the doping electrons. Figure 1 shows the phenomenological
the experimental temperaturare assumed at and outside the damping parameterf, of the first and second subbands.
Si 5-doped position, respectivelfjis the Fermi-Dirac distri- The damping parametefs, are defined by the spatial over-
bution function. The in-plane wave vectgy has been cho- 1ap between the wave functiaf,(z) and the self-consistent
sen to be very smaligjL=1, to explore the dynamical re- PotentialVe(z). The wave functiony,(z) shares partially
sponse of the entire nonuniform electron 6%%4 at and outside theS-doped pOSItIOﬂ. Thereford?a comes

It is important to note that ther summation in Eq(3)  from two components: one is the damping at #heloped
runs over the individual occupied states whereasithsum-  Position and the other is that outside the position. That is,
mation includes all possible states. The dynamical polarizVhen ¢,(z) distributes both at and outside tidedoped po-

ability p(qy, ) is related to the response functigrthrough ~ Sition, I, is between 4&;T and 2.XgT. If I',, is taken as
the equatiof? 4.0kgT, which means that ,(z) is localized completely at

the 5-doped position. Also, il",, is 2.&gT, this means that
L (L the wave function distributes outside ti#edoped position.
p(q), @)= fo fo dzdZexd —q(z+2')]x(q),@;2,2"), As shown in Fig. 1I"; decreases from 4@T to 3.%gT and
(5) I', to 2.&gT, respectively, when thé-doping position layer
is changed from the well center (0 A) to the well-barrier
in which an exponentially decaying external driving field interface (50 A). This indicates that the wave functions of
Vexr~e 17719 was assumed. the first and second subbands depatrt little by little from the
The dynamical conductivityr, of the ath subband is ionized Si donors. Next’; remains at a constant value of
given by using the dynamical polarizability(w) through  2.2gT between 60 and 110 A, where the wave function of
the following equatiorf® the first subband is separated from the ionized Si donors.
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FIG. 2. The electron densities of the first and second subbands
and in the Ig ,Ga, gAs quantum well as a function of S doping
position for I, ,Ga, gAs/GaAs heterostructures at 1.5 K. The well
center is at 0 and the heterointerface at 50 A.
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Then I'; increases suddenly when the distance is over \\/X ; E
120 A, because the wave function of the first subband elec- O R
trons begins to overlap again with the ionized donors. The 200 400 600 800

wave function overlaps completely with the ionized impuri-
ties above 145 A . Converselly, increases between 60 and
110 A, then drops_ to 2kaT a_t apout 145 A due to the_ FIG. 3. The calculated conduction band and the square of the
change of the spatial overlapping degree of its wave function : : . i
ith the dobi it The elect f th d belectron wave functions of the first subbafushed lingsand sec
YJVI d € Cl)plng posS IOQ' € Ie ef rpns 0 be Secon 1ju ongd subbanddotted line as a function position at 1.5 K fdiA)
and are aiso Separ_ate completely in space etween 5 Il center doping(B) well-barrier interface doping, anc) bar-
290 A. However][', increases to 4KxT when thes doping fier layer doping with a 150 A spacer layer.
position is beyond 300 A, because thaloping position is

far away from the quantum well and the electron of the Sec'quantum well. However, for the barrier-doped systém,

ond subba.nd _cannot. transfer into the well. _Therefore, It%he first subband resides in the barrier region since &he
wave function is localized completely at the Si donors. oping itself brings a deep and wide V-shaped well ino the

Jk?e galculatgd elec(;rc_)ntﬂenlsmeGs of the f|rsttand selfon aAs barrier region; the second subband principally resides
subband:; andn, and in the Ig ,Ga gAs quantum we in the quantum well.

Now are displqyed in'Fig. 2. It can be seen clearly that the ™ .\ opilities of the lowest two subbangs and u, are
flrst_subband IS heavny occupied by more than 80% of t.hedepicted in Fig. 4 as a function of thiedoping%ositigrf. The
doping electrons in the well-doped structures. The pOpUIat'O%Iectron mobility of the first subbang; is not changed

i 2 —2

is 3.8<10' em"* for the_wel_l—center—doped structure. Then much for different well-doped structures. It increases rapidly
N1 otlropi whe_n thes ?Orimg 'g plal_gedfa;vgéggm ﬂlez yvell when the § doping is beyond 60 A, because the electron
center. /1 minimum eectron density of 2. cm wave function of the first subband is spatially separated from

is
obtained at the position of 135 A, i.e., with a 85-A SPaC€T,a jonized Si donors. The wave function is completely sepa-

layer. The occupation of the first subband increases slowly as
the doping position is shifted further away from the well
center. The electron density of the second sublygrd only 10*t
15.4% of the doping concentration in the well-center doping o o*
structure, rises to a maximum of 42.3% at 130 A, then drops et " o*
to 19% at 290 A. The total electron density,y in the well
is 4.30< 10 cm? for the well-center-doped structure, then
decreases to 4.0810' cm 2 for the well-barrier-interface
structure. In the modulation-doped structures,,, drops
when thes-doping position moves away from the well cen-
ter. The quantum well is occupied only by the first subband
when the distance is between 60 and 110 A, by a mixture of
the lowest two subbands between 120 and 145 A , and by the 0 100 200 300
second subband alone between 145 and 290 A. Distance (3)

Figure 3 shows the calculated conduction band profiles
and the square of the electron wave functions for the first and F|G. 4. The electron mobilities of the first and second subbands
second subbands of structur@s)—(C). For the well-center-  as a function of Si5 doping position for 1g ,Ga, gAs/GaAs het-
doped structure(A) and the well-barrier-interface-doped erostructures at 1.5 K. The well center is at 0 and the heterointer-
structure(B), the first and second subbands are mainly in theface at 50 A.
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TABLE I. The theoretical and experimental values of the electron densities and mobilities of the first and
second subbands for Skdoped I ,Ga fAs/GaAs heterostructures f@A) well center doping(B) well-
barrier interface doping, an(C) barrier layer doping with a 150 A spacer layer at 1.5 K. The electron
densities are in the unit of 3 cm™2, and the mobilities in the unit of chv/~1s™ 1.

nl n2 M1 M2
Sample Theory Expt. Theory Expt. Theory Expt. Theory Expt.
A 3.80 3.78 0.70 — 1102 1120 4293 —
B 3.62 3.48 0.86 0.84 1159 1260 6402 4460
C 2.40 — 1.28 1.24 1220 — 6894 6900
rated from the ionized donors between 60 and 110 A in terms IV. CONCLUSION

of the I'y values shown in Fig. 1, however, the impurity 16 jnfuence of the Sh-doping position on the subband
scattering is reduced further, which improves the mOb'"ty'electrical properties of pseudomorphic, K5a, AS/GaAs
Wher217the position of the Si donors is moved away from the, e e rosiryctures has been studied using self-consistent calcu-
well. “{J%alCheS the ~ highest value of aboutyion and the dynamical polarizability by shifting the dop-
3100 cnfV~'s " atabout 110 A, then decreases due to aNng position from the well center to the barrier step by step.
increase inl’y. u; remains almost constant beyond 145 A, gy the subband electron densities and mobilities have been

and the electrons of the first subband are located in the degftained from the calculations. The first subband is heavily
V-shaped potential well formed in the Sidoped layer. The  ccypied with greater than 80% of the doping electrons in

electron mobility of the second subbang increases from O ¢ \yell-doped structures. The minimum electron density of
A to 70 A, then decreases to the lowest value of aboub ngx 1012 cm2 is obtained at a position of 135 A . The

2800 cnfV™'s™! at 120 A due to the fact thak, in-  occupation of the second subband is only 15.4% of the dop-
creases. Nexi, increases because the scattering becomegy density in the well-center structure; it goes up to the
sma[l. The hlghest. mobility of the. second subband can benayimum of 42.3% at 130 A, then down slowly to 19% at
obtained at a position of 290 A. Finally,, drops when the 290 A. The quantum well is occupied only by the first sub-
distance is over 300 A, where the wave function of the S€Cphand between 60 and 110 A, by a mixture of the lowest two
ond subband is overlapped completely with the ionized Si,phands between 120 and 145 A, and by the second sub-

donors. , _ . band alone before 290 A in the modulation-doped structures.
To testify to our calculations, we measured the longitudi-rhe glectron mobility of the first subband is not changed

nal resistivity () of the InyGagAs/GaAs heterostruc-  mych for the different well-doped structures. It reaches the

. 2 72 - -

tures with 4.5¢10'> cm 2 Si &-doped layers as a function highest value at about 110 A, and remains almost constant
of magnetic field for three different doping positions men-payang 145 A, The lowest value of electron mobility of the
tioned above. The fast Fourier transform analysis was aPsecond subband is at 120 A, and the highest mobility can be
plied to estimate the subband electron densities andyained at the position of 290 A. Our results show that the
mobilities™ The results are summarized in Table I. An ex- g,phang electron mobilities can be completely determined
cellent agreement is obtained between the theoretical ard:ly by the damping parameters at and outsidedfu®ping
experimental data for the lowest two subband electron derjgition The calculated results are confirmed by the corre-

sities and mobilities of all configurations. The absence0f g;onging experimental data. Similar calculations can also be
and u, in sample(C) from the SdH measurement has a gpyjied to other group-Iil-V and -lil-nitride semiconductors
simple interpretation: The wave function of the first subband, design and optimize device structures.

has a maximum probability density with the delta-doped
layer. It can be expected to have a poorer mobility than the
calculated one. Therefore, the first subband cannot be picked
up by the SdH effect. The electron density of the well- The authors would like to acknowledge Professor R. Fu,
barrier-interface structure is slightly lower than the theoreti-W. Lu, and Dr. X. G. Wang for their helpful discussions. This
cal data, possibly due to the well-barrier-interface scatteringvork was supported by the National Nature Science Founda-
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