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Capacitance-voltage (C- V) profiling techniques and temperature-dependent Hall and resistivity 
measurements have been used to characterize modulation-doped ordered-GaInP,/disordered-GaInP2 
homojunctions grown by metalorganic vapor phase epitaxy. The C-V 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 3.6X1013 cm-” without carrier freeze out and constant mobilities around 900 
cm’ V-l s -i below T=lOO K. The 300 K channel conductivity of this new junction is 
3.2x1o-3 a-1, which is higher than reported in other two-dimensional electron gases. 

The allow Gaa5,1ne.4sP (hereafter: GaInPJ is of techno- 
logical importance because it is lattice matched to GaAs, has 
a high band gap (-1.9 eV at room temperature), and exhibits 
various favorable properties such as the absence of DX 
centers.r Depending on the conditions of growth, the lowest 
free-energy state of GaInP, is either a random alloy (disor- 
dered) or shows CuPt-type ordering (monolayer superlattice 
ordering in the (111) directions). The ordered state has a 
reduced band gap owing to the level repulsion between dif- 
ferent 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 ordering 
into platelike domains occurs. Furthermore, only 2 out of the 
4 (111) ordering variants occur; Friedman et aL3 showed that 
this asymmetry occurs because the ordering facets are tilted 
4” from (100) towards (ill),. A variety of anomalous prop- 
erties, predominantly at low T, have been reported for or- 
dered GaInP,. These are caused by spatial separation of 
carriers485 combined with the presence of quasi two- 
dimensional residual donors.6,7 For electronic applications 
the two band-gap states of GaInPa offer challenging oppor- 
tunities because band-gap engineering is possible by simply 
switching the conditions of growth. Because there is no 
change in materials or composition at the interface, the or- 
dered and the disordered layers are auomatically grown 
strain free. Along with the conservation of crystal symmetry, 
the number of nonradiative interface states is then expected 
to be lower than that of heterointerfaces. This should im- 
prove the electrical quality of the interface, as has indeed 
been observed recently.’ 

In this letter we present the first modulation-doped 
o(ordered)-GaInP&(disordered)-GaInPz homojunction, and 
characterize it by capacitance-voltage (C-V) , resistivity, and 
Hall effect data in the temperature range 10-350 K. 

The sample was grown by metalorganic vapor phase ep- 
itaxy at a pressure of 20 mbar with ASH,, PH,, trimethylgal- 
lium, and “solution-trimethylindium”g as precursors. The 
structure was grown on a (100) 6” off towards (ll?), semi- 
insulating GaAs substrate, and consisted sequentially of a 0.3 
pm undoped GaAs buffer layer, a 0.5 pm long-range or- 
dered, undoped GaInP, layer (low band gap), and a 

disordered-GaInPa layer (high band gap), in which a 5 nm 
undoped spacer layer was followed by a 100 mn uniformly 
n-doped layer with n=4X lot8 cm-a. Switching between 
the o and the d state was achieved by simultaneously increas- 
ing the growth temperature from 640 to 720 “C and decreas- 
ing the V-III ratio from 400 to 125 during a growth interrup- 
tion. We selected only the (111) ordering variant by using the 
aforementioned substrate. “Jo Cross-sectional TEM micro- 
graphs of ordered GaInP, epilayers grown on these 
substratest” show that the ordered domains are thin in the 32” 
off towards [loo] direction but extended, with rectangular 
shape, in the directions perpendicular thereto; the situation is 
elucidated in Fig. 1. The average dimensions of the domains 
are b=3.5-6 nm and E=60 nm; that of 5 is unknown be- 
cause no ordering reflections are observed at (Oli) cross sec- 
tions. However, in a forthcoming publication we conclude 
that E>Li from the angular dependence of mobility vs T.12 A 
Hall bar was processed with dram-to-source contacts ori- 
ented in the [Oli] crystallographic direction. Hence, elec- 
trons move across the whole length c of an ordered 
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FIG. 1. (A) Orientation of the ordered domains; [loo] is the direction of 
growth. The average values for b and c are 3.5-6 and 60 mu; further that of 
a is smaller than that of c. (B) Schematic of the anisotropic ordered state 
and the charge distribution in the sample. 
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d-GalnP, 1 1 o-GalnP, 

FIG. 2. Conduction-band structure of the o-d GaInP, modulation-doped 
homojunction. 

plate-like domain before “transferring” to a neighboring do- 
main. C-V measurements were performed in depletion mode 
at T=300 K using a Polaron profiler. Hall and resistivity 
measurements were performed in a flow cryostat with tem- 
perature tuning between 10 and 450 K because at higher 
temperatures intrinsic conduction through the GaAs substrate 
influenced the measurements. The standard magnetic field in 
these experiments was 0.6 T. 

The completely ordered alloy is known to have a band 
gap 260 meV lower than that of the random alloy. For inho- 
mogeneous media like the (partially) o-GaInP, state it is dif- 
ficult to maintain the concept of a band structure, which re- 
lies on the periodicity and infiniteness of the crystal. 
However, the onset of signal recorded with photolumines- 
cence excitation spectroscopy’3 is fairly sharp for partially 
ordered samples and can be used as a measure of the band 
gap.14 The conduction-band structure of the modulation- 
doped junction is shown in Fig. 2. 

Although the classical theory for C-V measurements 
does not apply strictly to the 2D quantum mechanical sys- 
tem, the technique has proven valuable for these degenerate 
systems.15 In modulation-doped heterostructures with no de- 
tectable parallel conductance, the depletion of the 2DEG dur- 
ing C-V profiling begins already at zero bias voltage, as can 
be seen for our sample in Fig. 3. The profile shows a high 
carrier density at the d-GaInPzlo-GaInPa interface, which de- 
creases by one order of magnitude within 3 nm from the 
interface. Because of majority carrier diffusion, this distance 
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FIG. 3. Capacitance-voItage profile recorded at T=300 K; the inset shows 
the sample structure. 
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FIG. 4. Sheet carrier density and mobility vs temperature. 

is an upper limit.16 The strong spatial localization of the 
2DEG is unambiguously shown here, 

Figure 4 shows the sheet carrier density n2o and the Hall 
mobility pH as a function of temperature. No freeze out of 
carriers is observed below T=lOO K, which confirms the 
formation of a 2DEG, and an unprecedently high value of 
11 aD=3.6X1013 cm-’ is observed in this range. Upon increas- 
ing temperature the carrier concentration first increases, as 
has been observed earlier in 2D systems,17 but then shows an 
unprecedented decrease. This decrease is not dramatic (at 
room temperature still an nzD of 2.0X10r3 cm-’ remains) 
and is most probably caused by delocalization from the or- 
dered domains, as previously reported in ordered GaInP, 
epilayers,6.7 so that the conductive layer broadens slightly. It 
should be noted that the 2DEG is still strongly confined at 
the interface at 300 K because the C-V profile was taken at 
this temperature. To our knowledge, the above sheet carrier 
density is the highest reported in any III/V heterostructure; 
this includes &doped samples, which are especially known 
for their high YtZo.r8 We infer a combination of reasons for 
this: The absence of carrier trapping DX centers in GaInP,; 
the previously mentioned reduction in nonradiative interface 
states owing to the homoepitaxy; and tinally, 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.r’ 

The Hall mobility ,!.&H has a constant value below 
Tw 100 K, it increases between 100 and 300 K, and shows a 
further decrease at higher T. The scattering mechanisms 
causing this behavior are “mesoscopic” interface roughness 
scattering, cluster scattering, and polar optical phonon scat- 
tering, for the respective temperature regimes.12 

For high-speed operation of electronic devices the chan- 
nel conductivity (~&=e+o~) at room temperature must be 
maximized. In Table I the fl& for this GaInP2 2DEG is com- 
pared with that of 2DEGs in GaAs/AlGaAs, InGaAs/AlInAs, 
and SFETs both at T=4.2 and 300 K. Despite its lower 
value at low temperature, the oCh of o-d GaInP;, surpasses 
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TABLE I. Channel conductivities a,h for 2DEGs in various systems at T=4 
and 300 K. 

l&K(cr’) 

o-d GaInPa 5.ox1o-3 3.2XlO-3 

GaAs/AlGaAs” 1.1x10-r 1.1x10-a 

InGaAs/AllnAsb 9.4x10-3 9.4x10-4 

SFEF 1.3x10-3 9.6x1O-4 

aFrom Ref. 20. 
bFrom Ref. 21. 
‘From Ref. 18. 

those of the others at 300 K. This remarkably high value is 
caused by the p(T) behavior and makes the o-d GaInP, 
2DEG suited for application in electronic devices. A further 
increase of o,h can be expected if spacer thicknesses of -30 
mn are used.“a 

In conclusion, we have prepared and characterized the 
first two-dimensional electron gas in modulation-doped 
o-GaInPdd-GaInPz homojunctions. Temperature-dependent 
Hall and resistivity measurements revealed 2D behavior with 
an extremely high sheet carrier concentration of 
n ,,=3.6X1013 cmW2 and constant mobility around 900 
cm2 V-r s-l below T=lOO K. A sharp C-V profile at the 
o-d interface confirmed the dense 2DEG. Finally, the system 
exhibits the highest channel conductivity at T=300 K re- 
ported so far and is therefore suited for the fabrication of 
high-speed electronic devices. 
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