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Anisotropic transport properties of the two-dimensional electron gas
iri ordered-disordered GaInpz homojunctions: The structure of ordered domains
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The nodulation-doped ordered-GaInPz/disordered-GaInPz homojunction is presented. Capacitance-

voltage (CV) profiling techniques, temperature-dependent Hall and resistivity measurements, cross-

sectional transverse electron micrographs (TEM), and high-field magnetotransport have been used to
characterize this structure grown by metal-organic vapor-phase epitaxy. The CV measurements showed

a narrow profile at the homointerface with an order of magnitude reduction in carrier density within 3

nm. Typical two-dimensional behavior was observed from Hall data showing sheet carrier densities as

high as 3.6X10' cm without carrier freeze-out, and constant mobilities around 900 cm V 's
below T=100 K. The 300-K channel conductivity of this junction is 3.2X10 ' Q ', which is higher

than reported for other two-dimensional electron gases. By proper choice of the substrate orientation,

domains of only the (111) ordering variant were present. TEM showed elongated shapes of average

thickness 3.5-6 nm and length 75 nm in the (011)plane. By using Hall bars with difFerent current direc-

tions, an asymmetry is observed for the contributions to the scattering mechanisms which determine the

mobility: "mesoscopic" interface-roughness scattering for T&100 K and cluster scattering for

100(T & 300 K. Polar optical scattering at T & 300 K indicates strong electron-phonon coupling. This

asymmetry shows that the domain length in the (011) plane is larger than that in the (011)plane. The

magnetoresistance p„„andthe Hall resistance p„~show oscillations in reciprocal magnetic field involving

an excited subband i with nzD =7.6X10"cm, where 2D denotes two dimensional. The p„„versusB
curve shows features of a slight parallel conduction.

I. INTRODUtmzON

The alloy Gao szlno 4sP (hereafter referred to as
GaInPz} is of technological importance because it is lat-
tice matched to GaAs, has a high band gap ( —1.9 eV at
room temperature}, and exhibits additional favorable
properties, such as the absence of deep donor (DX)
centers. ' Depending on the conditions of growth, GaInP2
forms either a random alloy (disordered state) or shows
monolayer superlattice ordering in the (111) directions
(CuPt-type ordering}. This ordered state has a reduced
band gap owing to the level repu1sion between different
symmetry states of the binary constituents. This reduc-
tion is predicted to be as high as 260 meV if the alloy is
entirely ordered. However, in practice, only partial or-
dering into platelike domains occurs, and only two out of
the four ( 111)ordering variants appear. This type of or-
dering was initially unexpected because tota1-energy cal-
culations indicated that bulk materials with ordering on
the f100] and t210j planes are thermodynamically more
stable. ' Froyen and Zunger showed that the ordering
mechanism can be explained by surface thermodynamics:
it also appears to involve surface reconstruction, the
diffusion of atoms to the surface, and the attachment of
adatoms at steps and kinks. Anomalous properties,
predominantly. at low temperature, have been reported
for ordered GaInP2, caused by spatial separation of car-
riers ' combined with the presence of quasi-two-
dimensional residual donors. ' For electronic applica-

tions, the two band-gap states of GaInP2 offer challenging
opportunities because band-gap engineering is possible
only by changing the conditions of growth. The number
of nonradiative interface states is expected to be lower
than that of heterointerfaces because, first, there is no
change in materials or composition at the interface and,
second, the ordered and the disordered layers can be
grown strain-free. This should improve the electrical
quality of the interface, as has indeed been observed re-
cently. "

In this paper, the first modulation-doped o(ordered)-
GalnPz/d(disordered)-GalnPz homojunction is presented
along with a detailed investigation of its structural and
electrical properties. Besides very good two-dimensional
(2D) properties, it will be shown that this system enables
us to obtain new structural information on the ordered
domains. The optical properties of this sample will be the
subject of a forthcoming publication. '

II. EXPERIMENTAL DETAILS

The sample was grown by metal-organic vapor-phase
epitaxy at a pressure of 20 mbar with AsH3, PH3,
trimethylgallium, and "solution-trimethylindium" ' as
precursors. The structure was grown on a (100) 6' off to-
wards [111],semi-insulating GaAs substrate, and consist-
ed sequentially of a 0.3-pm undoped GaAs buffer layer, a
0.5-pm long-range-ordered undoped GaInP2 layer (low
band gap), and a disordered-GaInP2 layer (high band

gap), in which a 5-nm undoped spacer layer was followed
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FIG. 3. Conduction-band structure of the o-d GaInP2
modulation-doped homojunction.
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FIG. 4. Capacitance-voltage profile recorded at T =300 K;
the inset shows the sample structure.

maintain the concept of a band structure. However, the
onset of signal recorded with photoluminescence excita-
tion spectroscopy' is fairly sharp for partially ordered
samples and can be used as a measure of the band gap. '

The conduction band structure of the modulation-doped
junction is shown in Fig. 3.

To probe the presence of a two-dimensional electron
gas (2DEG) we used CV profiling. Although the classical
theory for CV measurements does not apply strictly to
the 2D quantum-mechanical system, the technique has
proved valuable for these degenerate systems. ' In
modulation-doped heterostructures with no detectable
parallel conductance, the depletion of the 2DEG during
CV profiling begins already at zero-bias voltage, as can be
seen for our sample in Fig. 4. The profile shows a high
carrier density at the d-GaInP2/o-GaInP2 interface,
which decreases by one order of magnitude within 3 nm
from the interface. Because of majority-carrier diffusion,
this depth is an upper limit. ' The strong spatial localiza-
tion of the 2DEG is unambiguously shown here.

Figure 5 shows the temperature dependence of the
sheet carrier density n2D as measured with the Hall tech-
nique for the various current directions. No freeze-out of

2.0 x 10'3

[ol o]
~ ~ ~ 8 PP~~ ~Q

[oi&]

10 100 1000

FIG. 5. Sheet carrier density vs temperature. The current
directions were parallel to [011],[010],and [011]for the upper,
middle, and lower graph, respectively.

carriers is observed below T = 100 K, which confirms the
formation of a 2DEG. The n2D was 2.4X10' cm for
the samples with bars in the [010] and [011] directions
and 3.6X10' cm for that in the [011]direction. The
latter higher value results from a lateral inhomogeneity
across the wafer. With increasing temperature the car-
rier concentration first increases, as has been observed
earlier in 2D systems, ' but then shows an unprecedented
decrease. This decrease is not dramatic (an nzD of
2.0X10' cm remains at room temperature) and is
most probably caused by delocalization ' of a fraction
of the carriers out of the ordered domains, so that the
conductive layer broadens slightly. It should be borne in
mind that the 2DEG is sti11 strongly confined at the inter-
face at 300 K because the CV profile was taken at this
temperature. To our knowledge, the above sheet carrier
densities are the highest reported in any III/V hetero-
structure; this includes 5-doped samples, which are espe-
cially known for their high n2D. We infer a combina-
tion of reasons for this: the absence of carrier-trapping
DX centers in GaInPz, the previously mentioned reduc-
tion in nonradiative interface states owing to the
homoepitaxy; and finally, the absence of Al in the sample,
which reacts very quickly with residual traces of oxygen
and water during growth, and thereby forms deep
centers.

For 2DEG's that are confined within an alloy, such as
Ino 53Gao 47As/Alo szlno 4sAs, alloy-disorder (AL) scatter-
ing is usually the primary scattering mechanism limiting
the mobility at low temperature. ' This pA~ is virtually
independent of temperature. As will be shown in the Ap-
pendix, mobilities in the range 2600—7000 cm /Vs would
then be expected for the o-d GaInP2 2DEG. Figure 6
shows the Hall mobility pH as a function of temperature
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FIG. 6. Mobility vs temperature. The current directions were
parallel to [011], [010], and [Oll] for the upper, middle, and

lower graph, respectively.

for the cases where the drain-to-source contacts of the
Hall bars were directed in the [011], [010], and [011]
directions. All curves show a constant mobility below
T=100 K, which is consistent with the temperature
behavior of AI. scattering. However, all curves show a
significantly lower mobility than the above estimate for
pAL. Occupation of more than two subbands will reduce
this estimate only slightly. Therefore, it is concluded that
another scattering mechanism dominates here. It will be
shown below that this is interface roughness (IFR)
scattering. This IFR scattering is generally neglected in
calculations for modulation-doped 20 systems in III-V
materials because of atomic fatness of the interfaces, but
it cannot be neglected in the inhomogeneous ordered lay-
er.

Below T =100 K, the eH for the [011]direction is just
one-half that for the [011]direction; for the [010] direc-
tion the value is intermediate. From Ref. 9 we know that
electrons are confined in the ordered domains at these
temperatures. Therefore, electrons move across the whole
length c of an ordered platelike domain for the [011]
direction before they tunnel to a neighboring domain,
whereas for the [011]direction electrons traverse the dis-
tances between adjacent domains a. Because the mobility
is lower for the [011] direction, this suggests a larger
number of tunneling events as compared with the [011]
direction. This means that either a &c and/or that the
distances between the domains are larger for the [011]
direction. In fact, this behavior is an example of IFR
scattering in quantum wells in the limit that the change
in well width b, (r) equals the well width L, (=b in Fig.
2). The mobility p, „„

limited by IFR scattering is then
given by

PIFR 2g(~ 2D~T~A) ~

A

where A is the lateral size of the Gaussian fluctuations of
the interface: For our system, A is the mean distance be-
tween ordered domains with A[011]PA[011].The func-
tion g(n2D, T, A) is given in Ref. 27 and is particularly
sensitive towards variations of A; its value is minimal if
A=2/q-m. /2kr, where kz is the Fermi wave vector.
Therefore, p&FR depends strongly on variations of the
Fermi vectors of the various subbands, and therefore on
their occupancy. Optimization of these parameters,
therefore, provides a tool for improvement of the low-
temperature mobility. Our measured values of the mobil-
ity lie in the same range as those of p,FR for quantum
wells of similar thickness (4 nm). The limiting scattering
mechanism can therefore be described as a mesoscopic
variant of IFR scattering.

The measured temperature behavior of mobility is also
consistent with that of p,„„.While g(T} is constant
below 100 K, above this temperature it increases and
therefore pIFR does not limit the mobility any longer. At
higher temperatures, electrons start to become delocal-
ized and scatter at ordered clusters. This cluster scatter-
ing can be calculated using the Harrison-Hauser/Marsh
formalism; it was indeed observed in ordered GaInP2. '

The typical "U-shaped" behavior of the cluster Hall mo-
bility pH for intermediate values of cluster radius r,
(Ref. 29) is observed in the upper graph in Fig. 6 between
T =120 and 300 K. Similar behavior is observed for the
[010] direction, however, the maximum value of p& has
shifted to higher temperature, which corresponds to an
enhanced cross section for cluster scattering. The lower
graph of Fig. 6 shows the largest effect of cluster scatter-
ing: it even dominates at 450 K and the minimum in the
"U curve" has smoothed out. This proves that the cross
section for cluster scattering is smaller for the [011]
current direction than for the [011]direction, which im-

plies that a & c, as is shown in Fig. 2(a).
Finally, we turn to the temperature regime above 300

K. Figure 6 shows that at such temperatures the mobili-

ty is limited by an angular-independent scattering mecha-
nism, because the [011] and [010] curves approach one
another, as would the [011]curve at higher temperature.
The temperature behavior suggests polar-optical-phonon
(PO) scattering for which ppo ~ T ~ with P ~ 2. There
exist different approaches to calculate this scattering
mechanism in two dimensions. Hirakawa and Sasaki
used a 20 variant in their calculations. Because of
electron-phonon interaction, ppo is then proportional to
n20 -'. Such behavior has been observed in Si—metal-

oxide-semiconductor inversion layers but not in

GaAs/Al„Ga, As and Ino 53Gao 47As/Alo 52lno «As
2DEG's. %'alukiewicz et al. argued that a three-
dimensional approach could be used for the III-V cases.
With the 3D variant we find ppo =—3000 cm /Vs at 450 K
(see Ref. 10};for the 2D variant ppo=AT n2D with
A -=5.5 X 10 cm3/Vs (as deduced from Fig. 4 in Ref. 30).
At 450 K, the latter equation yields p,po =7X 10 cm /Vs,
which sho~s reasonably good agreement with our data.
This suggests that the 20 variant is valid for the GaInP2
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IV. CONCLUSIONS

FIG. 7. Magnetoresistance p„„andHall resistance p„„vs
magnetic field at T=4.2 K; the current direction was parallel
to [011].

2DEG system, which implies the presence of strong
electron-phonon coupling.

Figure 7 shows Shubnikov —de Haas (SdH) data (lower
trace). At low fields the minima in the magneto-
oscillations decrease monotonically. This periodicity in
reciprocal field corresponds to a sheet carrier concentra-
tion of 7.6X10" cm V 's '. Above B =4 T, interfer-
ence from a second periodicity occurs whereupon the
minima in SdH oscillations are seen to increase again.
This rise may also be caused by a slight parallel conduc-
tion. The Hall resistance p„asa function of B is shown
in the upper trace of Fig. 7. Concomitant with the mini-
ma in p, p„„showsdeviations from linear behavior; a
weak quantum Hall effect. The slope of the p„„versusB
curve at low fields yields the previously mentioned total
sheet carrier density of 3.6X 10' cm . The Hall resis-
tance is sublinear in B, which points to a slight parallel
conduction. ' The periodic behavior of p„„andp„~
with its "low" sheet carrier concentration is attributed to
a populated higher subband. Oscillatory behavior from
the lowest subband ED is not yet observed because the
width of its Landau levels is larger than the splitting be-
tween these levels at the fields available.

For high-speed operation of electronic devices, the 2D
channel conductivity (o,„=en2Dp) at room temperature
must be maximized. In Table I the cr,h for this GaInPz

We have prepared and characterized the first two-
dimensional electron gas in modulation-doped 0-
GalnP2/d-GalnPz homojunctions. High-resolution TEM
images show a high degree of ordering. Temperature-
dependent Hall and resistivity measurements revealed 2D
behavior with an extremely high sheet carrier concentra-
tion of nzD=3. 6X10' cm and constant mobility
around 900 cm V ' s ' below T =100 K. A sharp CV
profile at the 0-d interface confirmed the dense 2DEG.
The system exhibits the highest channel conductivity at
T =300 K reported so far and is therefore suited for the
fabrication of high-speed electronic devices. The efFect of
various scattering mechanisms on the mobility was inves-
tigated. The dominant scattering mechanisms are meso-
scopic interface roughness scattering for T & 100 K, clus-
ter scattering for 100& T &300 K, and polar-optical-
phonon scattering for T & 300 K, with an indication for
strong electron-phonon coupling. Transport phenomena
were used to probe the structure of the ordered domains,
yielding information on the previously unknown domain
length in the (01T) plane. Finally, periodic oscillations in
reciprocal magnetic field were observed for p„„andp».
They originate from an excited subb and i with
n' =7.6X10"cmzD
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o-d GaInp2
GaAs/A1„Ga& „As'
IllQ 53GSQ 47As/A)0, 2Ino 4SAs
5 FET'

'From Ref. 24.
From Ref. 34.

'From Ref. 22.

~4 K (g —I
)

5.0x10-'
1.1x10 '

9.4x 10-'
1.3x 10-'

300 K (~—1)

3.2x 10-'
1.1x 10-'
9.4x10 '
9.6x 10-'

TABLE I. Channel conductivities at T=4 and 300 K for
various two-dimensional electron gases.

APPENDIX

As a result of the high nzD in the GaInPz Junction, at
least two subbands are occupied. Therefore, apart from
intrasubband scattering, these subbands must be treated
in general as coupled through intersubband scattering.
The major effect of an unoccupied subband is that it pro-
vides final states available for the scattering of electrons;
For two occupied subbands no such scattering is possible,
which leads to a reduction of the electron mobility. If
two occupied subbands are assumed, the following rela-
tionship holds for the relaxation time ~~I ..
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m (units of m)
Q (nm)
V

n» (cm-')

pAg Lcm /Vs)

0.05
0.587

0.6
6.5X 10"
1.2X 10

0.105
0.565

-0.6—1'
3.5X 10"

'This alloy-disorder scattering parameter V is of order 1 but is
not known precisely; we assume it to lie between 0.6 and 1, the
values for Ino 53Gao 47As/Alo 52Ino ~SAs and GaAs/Al, Ga, „As
(Ref. 24).

TABLE II. Summary of the parameters used to calculate pAL
for GaInP&.

Ino 53Ga{)47As/Alo 52Ino 4&As o-d GaInP2

electron mass, x is the fraction of the alloy, 0 the volume
of the unit cell, V the alloy-disorder scattering parameter,
and IAL and IAL are integrals rejecting intrasubband and
intersubband scattering, respectively (see Ref. 24). The
sum of the integrals can be shown to be proportional to
(n2D) =(n2D+nd, ~~) with nd, ~, (cm ) the back-
ground concentration of charge in the depleted region.
To estimate the p~L of the GaInPz 2DEG we compare it
with a system in which the 2DEG is also confined in the
alloy: the Inc 536ac 47As/Ale, &Inc 4sAs modulation-
doped heterojunction with two occupied subbands.
From Eq. (Al) and the insensitivity of ~&t on energy, it
follows that

1 m'x(1 —x)Q( V)~
$3+AL

1

X IAL+
i=o

2

X IAL
ij =Oj)i

(Al)

where m' is the effective mass in units of the free-

where the subscripts 1 and 2 refer to In Ga& As and
Ga, ,In„P, respectively. Inserting the parameters
summarized in Table II for GaInP& yields

p~t &=2600—7000 cm /Vs for V2&(0.6, 1).
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