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Intrinsic Doping: A New Approach for n-Type Modulation Doping
in InP-Based Heterostructures

W. M. Chen, I. A. Buyanova, A. V. Buyanov, and T. Lundström
Department of Physics and Measurement Technology, Linköping University, S-581 83 Linköping, Sw

W. G. Bi and C. W. Tu
Department of Electrical and Computer Engineering, University of California, La Jolla, California 92093-

(Received 25 March 1996)

A new approach forn-type modulation doping in InP-based heterostructures is proposed wher
intrinsic defects are utilized to provide charge carriers without an external shallow impurity dopin
source. The success of this approach is demonstrated by results from InGaAsyInP heterostructures,
where doping is provided by PIn antisites, preferably introduced during off-stoichiometric growth of
InP. The efficiency of electron transfer and quantum mobility of a two-dimensional electron ga
formed near the heterointerface is shown to be much higher as compared to traditional extrinsic dop
[S0031-9007(96)01303-8]

PACS numbers: 61.72.Vv, 73.20.Dx, 73.40.Kp, 78.66.Fd
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InP-based heterostructures, containing, e.g., InG
ternary compounds and InGaAsP quaternary compou
are now well recognized as being among the most pro
ing electronic material systems, owing to their supe
performance in optoelectronic and ultrahigh speed e
tronic devices. They also provide an excellent playgro
for the understanding of fundamental physics in qu
tum structures and devices, which are now largely av
able and where the quantum regime can be rather e
achieved. One of the fundamental processes and ess
steps in fabrication of these quantum systems is sele
doping in certain regions of the structures. Such dop
is traditionally done by incorporating shallow donor
acceptor dopants in the structures via diffusion or ion
plantation, orin situ incorporation during growth of th
host crystal. The electronic properties of these sha
dopants are well understood by the effective-mass the
Despite the success of this standard doping mechan
there are still many problems remaining, such as ther
instability, implantation damage, memory effects, c
figurational metastability, etc. [1–3]. These problems
and will be found to be unacceptable for certain devic
in particular, those modern devices of lower dimensi
ality and of submicron or nanometer size, where a h
precision of doping and interface profiles is crucial.
resolve these problems, a substantial effort is require
seeking for both a better control of the existing dop
processes and a better doping mechanism.

In this Letter, we propose a new approach forn-type
modulation doping in InP-based heterostructures, wh
intrinsic defects are utilized to provide the required dop
without an external doping source. The success of s
an intrinsic doping concept is clearly demonstrated by
example case of InGaAsyInP heterostructures, designed
resemble high electron mobility transistor (HEMT) stru
tures. Though all of the structures are intentionally
doped, n-type modulation doping in the InP barrier
0031-9007y96y77(13)y2734(4)$10.00
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readily realized by the presence of PIn antisites, preferably
introduced during off-stoichiometric growth of InP at lo
temperatures (LT) by gas source molecular beam epit
(GS-MBE) [4–6]. The formation of a two-dimension
electron gas (2DEG) near the InGaAsyInP interface, due
to electron transfer from the LT-InP barrier, is evide
from studies of Shubnikov–de Haas (SdH) oscillatio
and photoluminescence (PL). Important advantages a
ing from unique physical properties of the new dopi
approach will be discussed.

The lattice-matched InGaAsyInP heterostructures (se
Fig. 1) studied in this work were grown by GS-MBE, o
semi-insulating Fe-doped InP substrates. They consis
a 5000-Å InP buffer layer, a 400-Å In0.53Ga0.47As active
layer, a 100-Å InP spacer, and finally a 500-Å InP lay
All structures were intentionally undoped and were gro

FIG. 1. Schematic pictures of the InGaAsyLT-InP structures
and the energy band diagram. For simplicity only two subba
of the 2DEG are drawn in the figure. The filling of the 2DE
is depicted by the shaded region. The arrow across the InG
band gap indicates the PL transition between the 2DEG
photoexcited holes upon optical excitation.
© 1996 The American Physical Society
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5 T
at a normal temperature of 480±C except the top InP
layer which was grown at 265±C. These samples wil
be referred to below as InGaAsyLT-InP or intrinsically
doped structures. A reference sample was also gro
with an identical structure, except that the top InP lay
was in this case grown at 480±C. For comparison an
extrinsically doped structure was grown with an identic
design of the structure, except that then-type doping
was done by traditional shallow Si donors withfSig 
1 3 1018 cm23. Studies of SdH oscillations and PL wer
performed with the aid of a 5 T magneto-optical syste
Lithographically defined Hall bars with six In Ohmi
contacts were fabricated on the samples for electrical S
measurements. Hall effect measurements were don
0.2 T, with the Van der Pauw geometry. PL, excited
2 mW by the 6328-Å line of a He-Ne laser, was spectra
dispersed by a grating monochromator and was collec
by a cooled Ge detector.

In Fig. 1 we show schematic pictures of the InGaAy
LT-InP structures and the corresponding energy ba
diagram. As a direct consequence of electron trans
from the LT-InP barrier to the InGaAs active layer,
notch potential is formed near the heterointerface wh
the 2DEG is confined. For simplicity only two subban
of the 2DEG are drawn in the figure. The filling of th
2DEG is depicted by the shaded region. The arrow acr
the InGaAs band gap indicates the PL transition betwe
the 2DEG and photoexcited holes upon optical excitati

Figure 2(a) shows the SdH oscillation spectrum tak
at 1.5 K from the InGaAsyLT-InP structure, with the
external magnetic field normal to the heterointerfa

FIG. 2. SdH oscillation spectra taken at 1.5 K in dark fro
(a) the InGaAsyLT-InP structure and (b) the reference samp
with the external magnetic field normal to the heterointerfa
plane. The additional structure at low reciprocal magnetic fie
is due to spin splittings.
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plane. It can clearly be seen that there is more than
period of the magnetoresistance oscillations vs recipro
magnetic field. PL spectra obtained from the sam
sample are shown in Fig. 3, at 0 and 5 T. Identic
SdH oscillations were observed by detecting this P
emission at the highest photon energy, indicating th
the PL emission originates from the same free carri
which give rise to the electrical SdH oscillations. Th
splittings of the PL emission in the magnetic field (Fig.
therefore represent the Landau level splittings of t
monitored carriers. The SdH spectrum from the referen
sample, taken under the same experimental conditio
is shown in Fig. 2(b) for comparison. It contains
single and much larger period of the magnetoresista
oscillations, meaning a much lower carrier concentrati
(due to the residual doping). This is because the per
Ds1yBd  2eyhni, assuming an ideal 2D system. (Her
ni denotes the sheet concentration of free carriers
the ith subband,e is the electron charge, andh is the
Planck’s constant.) This experimental fact clearly sho
that the much higher concentration of free carriers givi
rise to the SdH oscillations in Fig. 2(a) is directly relate
to the modulation doping by the LT-InP, since the grow
temperature of the InP barrier is the only differen
between the two samples.

Below we will provide unambiguous experimental ev
dence that the SdH oscillations in Fig. 2(a) are due to
dense 2DEG formed in the InGaAs active layer near
heterointerface as a result of electron transfer from
LT-InP. First of all, an angular dependence study
the SdH oscillations clearly elucidates the 2D character
the free carriers, where the period of the SdH oscillatio
obeys a cosine relation of the relative angle between
magnetic field and the direction normal to the condu
ing layer.

In principle, there are two parallel conducting channe
i.e., the LT-InP barrier and the InGaAs active laye
which can possibly contribute to the magnetotransp
measurements. A possible contribution from the LT-In

FIG. 3. PL spectra at 1.5 K obtained from the InGaAsyLT-
InP structure, at zero magnetic field (the dashed curve) and
(the solid curve).
2735
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layer can, however, be safely ruled out based on
following experimental facts. First, the electron ma
value mp

e ø 0.05m0, determined from the Landau lev
splitting observed in the PL experiments (Fig. 3), diffe
from the electron mass valuemp

e ø 0.07m0 in InP but
lies well within the rangemp

e ø s0.04 0.06dm0 of the
electron effective mass determined for In0.53Ga0.47As [7].
Second, the electron mobilityme ø 1.3 3 104 cm2yV s
obtained by the Hall measurements is much hig
than me ø 5 3 102 cm2yV s determined independentl
for the LT-InP layer grown at the same temperat
(i.e., 265±C). Moreover, the photon energys,0.8 eVd
of the PL emission (Fig. 3) is consistent with the ba
gap of In0.53Ga0.47As. The PL spectrum resembles th
observed in similar InGaAsyInP and InGaAsyAlInAs
HEMT structures [8,9], where the conventional shall
donors were employed to achieven-type modulation
doping, and was attributed to the recombination betw
the 2DEG and the photoexcited holes in the InGaAs la
(see Fig. 1). A detailed account of the PL emission
beyond the scope of this Letter and will not be discus
further.

Consequently, the only plausible candidate respons
for the SdH oscillations in Fig. 2(a) is a 2DEG in th
InGaAs active layer, formed as a result of electron tra
fer from the LT-InP barrier. A detailed analysis
the SdH oscillations reveals that two subbands of
2DEG are readily occupied. The sheet concentration
the first and second subbands of the 2DEG are de
mined to ben1  6.75 3 1011 cm22 and n2  4.75 3

1011 cm22, respectively, yielding a total sheet concent
tion of 1.15 3 1012 cm22. This is about an order of mag
nitude higher than the concentrations2.37 3 1011 cm22d
in the reference sample, where only one subband is
tially occupied by a 2DEG due to residual doping.

The success of the intrinsic doping approach
further been confirmed by our results from an additio
InGaAsyLT-InP sample with an identical structural d
sign except that the spacer thickness is reduced to 5
The mechanism responsible for then-type modulation
doping by using LT-InP is attributed to an abunda
presence of PIn antisites, deep double donors in In
preferably introduced during off-stoichiometric growth
LT-InP. The high electron concentration is provided
the autoionization of the PIn antisites via its first ionization
stage, i.e., thes0y1d level, which is located atEc 1

0.12 eV resonant with the conduction band [4–6]. W
note that not-intentional modulation doping was obser
in InAsyAlSb quantum wells and was attributed to t
presence of surface [10] or interface donors (sugge
to be antisite defects [11]). The exact nature as to, e
the chemical identity of these donors is, however, s
unknown.

The intrinsic doping proposed in this work exhib
interesting and unique physical properties providing m
advantages over the conventional doping by shal
2736
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dopants. First of all, no external doping source is need
to be installed in the growth chamber, which implies
reduced risk of contamination and memory effects.
addition, deep resonant donor levels such as thes0y1d
level of the PIn antisites lie well above the bottom o
the conduction band, in contrast to the usual case w
the shallow donor level is slightly below the bottom of th
conduction band. This leads to a higher efficiency in t
electron transfer from the doped region to the active
channel, which is supported by the experimental fact t
the total sheet concentration,ns  1.15 3 1012 cm22,
of the 2DEG in the intrinsically doped structure i
higher thanns  8.4 3 1011 cm22 in the extrinsically
doped structure. This is in full agreement with our se
consistent theoretical calculations on such heterostructu
by the coupled Poisson-Schrödinger model, where
2DEG concentration is shown (Fig. 4) to increase
approximately a factor of 2 when the donor level rais
from the typical values,Ec 2 0.007 eVd of shallow
dopants to thes0y1d level of the PIn antisites at,Ec 1

0.12 eV. Furthermore, the quantum mobility for eac
occupied subband of the 2DEG in the intrinsically dop
structure is about a factor of 1.5–2 higher than th
in the extrinsically doped structure, from an analys
of fast Fourier transformation of the SdH oscillation
[12]. Since both alloy and interface scattering should
nearly identical for both structures, an enhanced quant
mobility can only be due to a reduced scattering
the 2DEG by remote dopants in the intrinsically dope
structure. This can be attributed to a different scatter
potential of thedeepPIn antisites, and also to a stronge
screening of the defect potential by a degenerate elec
gas present in the LT-InP barrier. The latter resu
from autoionization of the PIn antisites and is revealed
by Hall measurements. It should also be pointed o

FIG. 4. Subband populationssnid of a 2DEG as a function
of donor binding energy in modulation doped InGaAsyInP
heterostructures, from self-consistent theoretical calculati
based on the coupled Poisson-Schrödinger model. The s
design parameters as the structures experimentally studie
this work are used in the calculations. The value of the don
binding energy is shown with respect to the bottom of t
conduction bandEc in the InP barrier, and a negative valu
corresponds to a donor level lying aboveEc.
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that the doping concentration of the intrinsically dop
InP-based heterostructures can be conveniently contro
by varying the growth temperature of LT-InP, where
monotonic increase in electron concentration is fou
with decreasing growth temperatures [4–6]. At 265±C
a saturation electron concentration of,3 3 1018 cm23

in LT-InP thin films is reached due to the Fermi lev
pinning at thes0y1d donor level of the PIn antisites,
when the LT-InP exhibits a metallicn-type conduction.
The actual concentration of the PIn antisites can in fact
be higher, which will lead to a higher doping leve
when LT-InP is incorporated in modulation doped In
based heterostructures as more additional states are
available in the adjacent 2D channel.

In summary, we have proposed a novel modulat
doping approach in InP-based heterostructures by
ploying intrinsic defects such as the PIn antisites, with-
out invoking an external doping source. The succ
of this approach is clearly demonstrated by our resu
from the InGaAsyLT-InP heterostructures, where the r
quired n-type doping in the InP barriers is efficientl
provided by the PIn antisites preferably introduced dur
ing off-stoichiometric growth of LT-InP by GS-MBE
Unambiguous experimental evidence on the format
of a dense two-dimensional electron gas (as high
1.15 3 1012 cm22) near the InGaAsyInP heterointerface,
as a direct consequence of electron transfer from the
trinsically doped InP barrier, is provided from studies
SdH oscillations and PL. This work concludes that t
intrinsically modulation doped InGaAsyInP structure pro-
vides a higher density of the 2DEG (due to a more e
cient charge transfer) as well as a higher quantum mob
(due to a reduced scattering), as compared to the ex
sically doped structure. Though it has only been dem
strated for InGaAsyInP heterostructures, the principle o
the intrinsic doping concept is in fact rather general a
can be extended to applications in other electronic m
terial systems. This work is thus expected, e.g., to c
tribute to a better understanding and a possible follow
application of the recently intensively studied autodopi
phenomenon GaN And ZnSe [13,14], where intrinsic d
fects are largely suspected to be responsible but no d
nite identification has so far been made.
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