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Intrinsic Doping: A New Approach for n-Type Modulation Doping
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A new approach fom-type modulation doping in InP-based heterostructures is proposed where
intrinsic defects are utilized to provide charge carriers without an external shallow impurity doping
source. The success of this approach is demonstrated by results from |fiGRA®terostructures,
where doping is provided by Pantisites, preferably introduced during off-stoichiometric growth of
InP. The efficiency of electron transfer and quantum mobility of a two-dimensional electron gas
formed near the heterointerface is shown to be much higher as compared to traditional extrinsic doping.
[S0031-9007(96)01303-8]
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InP-based heterostructures, containing, e.g., InGaAreadily realized by the presence qf Bntisites, preferably
ternary compounds and InGaAsP quaternary compoundmtroduced during off-stoichiometric growth of InP at low
are now well recognized as being among the most promigemperatures (LT) by gas source molecular beam epitaxy
ing electronic material systems, owing to their superiofGS-MBE) [4—6]. The formation of a two-dimensional
performance in optoelectronic and ultrahigh speed elecelectron gas (2DEG) near the InGg/&sP interface, due
tronic devices. They also provide an excellent playgroundo electron transfer from the LT-InP barrier, is evident
for the understanding of fundamental physics in quanfrom studies of Shubnikov—de Haas (SdH) oscillations
tum structures and devices, which are now largely availand photoluminescence (PL). Important advantages aris-
able and where the quantum regime can be rather easilgg from unique physical properties of the new doping
achieved. One of the fundamental processes and essentégdproach will be discussed.
steps in fabrication of these quantum systems is selective The lattice-matched InGaZ&mP heterostructures (see
doping in certain regions of the structures. Such dopingdrig. 1) studied in this work were grown by GS-MBE, on
is traditionally done by incorporating shallow donor or semi-insulating Fe-doped InP substrates. They consist of
acceptor dopants in the structures via diffusion or ion im-a 5000-A InP buffer layer, a 400-A jnGag ,As active
plantation, orin situ incorporation during growth of the layer, a 100-A InP spacer, and finally a 500-A InP layer.
host crystal. The electronic properties of these shallowAll structures were intentionally undoped and were grown
dopants are well understood by the effective-mass theory.
Despite the success of this standard doping mechanism,
there are still many problems remaining, such as thermal LT-InP [InP| InGaAs InP SI-InP
instability, implantation damage, memory effects, con-
figurational metastability, etc. [1-3]. These problems are
and will be found to be unacceptable for certain devices,
in particular, those modern devices of lower dimension-
ality and of submicron or nanometer size, where a high  p_ ) ce00°
precision of doping and interface profiles is crucial. To
resolve these problems, a substantial effort is required in
seeking for both a better control of the existing doping
processes and a better doping mechanism.

In this Letter, we propose a new approach fetype
modulation doping in InP-based heterostructures, where
intrinsic defects are utilized to provide the required doping
without an external doping source. The success of such
an intrinsic doping concept is clearly demonstrated by thé!G. 1. Schematic pictures of the InGgAS-InP structures
example case of InGa4mP heterostructures, designed to and the energy band diagram. For simplicity only two subbands

. P - of the 2DEG are drawn in the figure. The filling of the 2DEG
resemble high electron mobility transistor (HEMT) struc- is depicted by the shaded region. The arrow across the InGaAs

tures. Though all of the structures are intentionally untand gap indicates the PL transition between the 2DEG and
doped, n-type modulation doping in the InP barrier is photoexcited holes upon optical excitation.
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at a normal temperature of 480 except the top InP plane. It can clearly be seen that there is more than one
layer which was grown at 26%. These samples will period of the magnetoresistance oscillations vs reciprocal
be referred to below as InGaAsT-InP or intrinsically magnetic field. PL spectra obtained from the same
doped structures. A reference sample was also growsample are shown in Fig. 3, at 0 and 5T. Identical
with an identical structure, except that the top InP layerSdH oscillations were observed by detecting this PL
was in this case grown at 48C. For comparison an emission at the highest photon energy, indicating that
extrinsically doped structure was grown with an identicalthe PL emission originates from the same free carriers
design of the structure, except that thetype doping which give rise to the electrical SdH oscillations. The
was done by traditional shallow Si donors witBi] =  splittings of the PL emission in the magnetic field (Fig. 3)
1 X 10" cm™3. Studies of SdH oscillations and PL were therefore represent the Landau level splittings of the
performed with the aid of a 5 T magneto-optical systemmonitored carriers. The SdH spectrum from the reference
Lithographically defined Hall bars with six In Ohmic sample, taken under the same experimental conditions,
contacts were fabricated on the samples for electrical Sdi$ shown in Fig. 2(b) for comparison. It contains a
measurements. Hall effect measurements were done single and much larger period of the magnetoresistance
0.2 T, with the Van der Pauw geometry. PL, excited atoscillations, meaning a much lower carrier concentration
2 mW by the 6328-A line of a He-Ne laser, was spectrally(due to the residual doping). This is because the period
dispersed by a grating monochromator and was collected(1/B) = 2e¢/hn;, assuming an ideal 2D system. (Here
by a cooled Ge detector. n; denotes the sheet concentration of free carriers for

In Fig. 1 we show schematic pictures of the INnG@As the ith subbande is the electron charge, and is the
LT-InP structures and the corresponding energy ban®lanck’s constant.) This experimental fact clearly shows
diagram. As a direct consequence of electron transfathat the much higher concentration of free carriers giving
from the LT-InP barrier to the InGaAs active layer, arise to the SdH oscillations in Fig. 2(a) is directly related
notch potential is formed near the heterointerface wheréo the modulation doping by the LT-InP, since the growth
the 2DEG is confined. For simplicity only two subbandstemperature of the InP barrier is the only difference
of the 2DEG are drawn in the figure. The filling of the between the two samples.
2DEG is depicted by the shaded region. The arrow across Below we will provide unambiguous experimental evi-
the InGaAs band gap indicates the PL transition betweedence that the SdH oscillations in Fig. 2(a) are due to a
the 2DEG and photoexcited holes upon optical excitationdense 2DEG formed in the InGaAs active layer near the

Figure 2(a) shows the SdH oscillation spectrum takerheterointerface as a result of electron transfer from the
at 1.5 K from the InGaA&T-InP structure, with the LT-InP. First of all, an angular dependence study of
external magnetic field normal to the heterointerfacehe SdH oscillations clearly elucidates the 2D character of
the free carriers, where the period of the SdH oscillations
obeys a cosine relation of the relative angle between the
magnetic field and the direction normal to the conduct-
ing layer.

In principle, there are two parallel conducting channels,
i.e., the LT-InP barrier and the InGaAs active layer,
which can possibly contribute to the magnetotransport
measurements. A possible contribution from the LT-InP
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FIG. 2. SdH oscillation spectra taken at 1.5 K in dark from PHOTON ENERGY (eV)

(a) the INnGaAgSLT-InP structure and (b) the reference sample,

with the external magnetic field normal to the heterointerfaceFIG. 3. PL spectra at 1.5 K obtained from the InG#ARE-
plane. The additional structure at low reciprocal magnetic fielddnP structure, at zero magnetic field (the dashed curve) and 5 T
is due to spin splittings. (the solid curve).
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layer can, however, be safely ruled out based on theopants. First of all, no external doping source is needed
following experimental facts. First, the electron massto be installed in the growth chamber, which implies a
value m; =~ 0.05m,, determined from the Landau level reduced risk of contamination and memory effects. In
splitting observed in the PL experiments (Fig. 3), differsaddition, deep resonant donor levels such as(ther-)
from the electron mass value; = 0.07mg in InP but level of the R, antisites lie well above the bottom of
lies well within the rangem; =~ (0.04-0.06)m, of the the conduction band, in contrast to the usual case when
electron effective mass determined fog lgGay 47As [7].  the shallow donor level is slightly below the bottom of the
Second, the electron mobility, =~ 1.3 X 10* cm?/V's  conduction band. This leads to a higher efficiency in the
obtained by the Hall measurements is much higheelectron transfer from the doped region to the active 2D
than u, = 5 X 10> cn?/V's determined independently channel, which is supported by the experimental fact that
for the LT-InP layer grown at the same temperaturethe total sheet concentratiom, = 1.15 X 10'> cm™2,
(i.e., 265°C). Moreover, the photon energy-0.8 eV)  of the 2DEG in the intrinsically doped structure is
of the PL emission (Fig. 3) is consistent with the bandhigher thann, = 8.4 X 10'! cm™2 in the extrinsically
gap of InysdGagsAs. The PL spectrum resembles thatdoped structure. This is in full agreement with our self-
observed in similar InGaAd4nP and InGaAgAllnAs  consistent theoretical calculations on such heterostructures
HEMT structures [8,9], where the conventional shallowby the coupled Poisson-Schrédinger model, where the
donors were employed to achievetype modulation 2DEG concentration is shown (Fig. 4) to increase by
doping, and was attributed to the recombination betweeapproximately a factor of 2 when the donor level raises
the 2DEG and the photoexcited holes in the InGaAs layefrom the typical value(~E. — 0.007 eV) of shallow
(see Fig. 1). A detailed account of the PL emission isdopants to thé¢0/+) level of the R, antisites at~E, +
beyond the scope of this Letter and will not be discusse@.12 eV. Furthermore, the quantum mobility for each
further. occupied subband of the 2DEG in the intrinsically doped
Consequently, the only plausible candidate responsiblstructure is about a factor of 1.5-2 higher than that
for the SdH oscillations in Fig. 2(a) is a 2DEG in the in the extrinsically doped structure, from an analysis
InGaAs active layer, formed as a result of electron transef fast Fourier transformation of the SdH oscillations
fer from the LT-InP barrier. A detailed analysis of [12]. Since both alloy and interface scattering should be
the SdH oscillations reveals that two subbands of thenearly identical for both structures, an enhanced quantum
2DEG are readily occupied. The sheet concentrations ahobility can only be due to a reduced scattering of
the first and second subbands of the 2DEG are detethe 2DEG by remote dopants in the intrinsically doped
mined to ben; = 6.75 X 10" cm™2 and n, = 4.75 X structure. This can be attributed to a different scattering
10'' cm~2, respectively, yielding a total sheet concentra-potential of thedeepP,, antisites, and also to a stronger
tion of 1.15 X 10'> cm™2. This is about an order of mag- screening of the defect potential by a degenerate electron
nitude higher than the concentratiéh37 X 10'! cm™2)  gas present in the LT-InP barrier. The latter results
in the reference sample, where only one subband is pafrom autoionization of the R antisites and is revealed
tially occupied by a 2DEG due to residual doping. by Hall measurements. It should also be pointed out
The success of the intrinsic doping approach has
further been confirmed by our results from an additional T T . . . |
INGaAs/LT-InP sample with an identical structural de-
sign except that the spacer thickness is reduced to 50 A.
The mechanism responsible for thetype modulation
doping by using LT-InP is attributed to an abundant
presence of R antisites, deep double donors in InP,
preferably introduced during off-stoichiometric growth of
LT-InP. The high electron concentration is provided by
the autoionization of the Rantisites via its first ionization

stage, i.e., thg0/+) level, which is located atz, + 0 . ) ! . ! |
0.12 eV resonant with the conduction band [4—6]. We -120 -80 -40 0
note that not-intentional modulation doping was observed DONOR BINDING ENERGY (meV)

in InAs/AISb quantum wells and was attributed to the ;i 4 subband populations:;) of a 2DEG as a function
presence of surface [10] or interface donors (suggestest donor binding energy in modulation doped InGaA®
to be antisite defects [11]). The exact nature as to, e.gheterostructures, from self-consistent theoretical calculations

the chemical identity of these donors is, however, stillbased on the coupled Poisson-Schrodinger model. The same
unknown. design parameters as the structures experimentally studied in

The intrinsic dobi din thi K hibit this work are used in the calculations. The value of the donor
€ Intnnsic doping proposed In this Work eXNIDILS pinging energy is shown with respect to the bottom of the

interesting and unique physical properties providing many.onduction bande. in the InP barrier, and a negative value
advantages over the conventional doping by shalloveorresponds to a donor level lying abokg.
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