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For both n- and p-type (100) InP surfaces prepared from bulk material, we observe the
conductivity of electrons in surface subbands. We report observations regarding the sur-

face layer capacitance and link it with the conduction threshold. After some remarks on
the conductivity 0.(N, } and the field-effect mobility pFE(N, ), we present data on the mag-
netoconductance o (H, N, ) and associated quantum oscillation effects. Two subbands

with occupancies N, and N,' are found for surface densities N, & 1)&10' cm . The
measured occupancies allow the construction of the subband splitting Ej —Eo =ED~(N, ).
We find evidence in InP for an enhanced spin splitting of the Landau levels. A final part
of the paper reports on surface cyclotron resonance.

I. INTRODUCTION

The direct-gap semiconductor InP, with gap en-

ergy in the light-optical range and with high-
electron mobility, has attracted some interest for
device applications recently. Metal-insulator-
semiconductor (MIS) transistor devices have been
fabricated and first results of physical studies of
surface electron subbands have appeared in the
literature. '

The present work is a continuation and com-
prehensive account of the experiments first report-
ed in Ref. 3. For a number of different n- and p-
type, [1001-oriented samples measurements have
been made to characterize surface band bending
and electron transport in the surface layer. Com-
pared to the intensively studied Si-Si02 interface,
transport on InP surfaces is largely uncharted ter-
ritory. Many of the results are likely to depend on
the specifics of the preparation of the I-S interface.
It is essential, in order to understand the properties
of the subband electrons, to examine also the inter-
face capacitance and charging characteristics as
well as the surface conductance and field-effect
mobility. Thus in Sec. III, where we present ex-
perimental results, these precede the discussion of
magnetoconductance, Shubnikov-de Haas (SdH) os-
cillations, and surface cyclotron resonance. Section
II contains a few brief notes on sample preparation
and references on the measurement procedures. In
Sec. IV we summarize the physical results.

II. EXPERIMENTAL NOTES

The samples are prepared from (100) wafers,
typically 0.5-mm thick. The wafers as purchased

have been lapped and polished on one side by the
supplier. Prior to the deposition of the insulating

layer, the surface is freshly prepared by the follow-

ing steps: a 30 min etch in 45% KOH solution,
immersion in a phosphoric acid —hydrogen perox-
ide (1:1)polishing bath for 20—30 min, a thorough
rinsing in acetone and water. Surfaces that have
been damaged by breakdown discharge through the
insulator are newly lapped and polished in order to
be reused. Our polishing procedure employs con-
ventional mechanical lapping with diamond paste.
There follows a chemical polish on a rotating-disk
arrangement with bromine-methanol (0.02% Br by
volume) solution.

Immediately after preparation of the fresh sur-

face, it is coated with an insulating lacquer layer
on a conventional spinner. The technique has been
employed also in earlier work on Ge (Ref. 5) and
InSb (Ref. 6). Typical thicknesses are d;„,-2 p,m.
A semitransparent gate electrode of Ni-Cr is eva-

porated on a rectangular area 4)& 5 mm . The
back side is a rough, as-cut surface to which con-
tact is made in order to complete the MIS capaci-
tor structure. The contacts are made by spark
discharge of an alloy wire. We use Au-Zn wire for
p-type InP, and Au-Sn for n-type samples.

Quite a few samples were made in this fashion
from three types of wafer material. In order to be
able to. relate the different measurements, we have
restricted the discussion and data shown to two
specimens of each material. Table I allows a quick
identification of the samples and their labels as
employed in Sec. III.

The conductivity measurements on the p-type
MIS capacitor samples are made with the
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Sample
label

Ei,E2,%4

I'3, I'4

TABLE I. InP(100) samples.

Manufacturer's wafer No. ,
Source

518/R 4
purchased
608/8 4

RRE Malvern, Great Britain
217/8 1

FTZ Darmstadt,
Federal Republic of Germany

Nominal substrate doping
concentration (cm ')

undoped, n type
1 —1.5y10"

Zn doped, p type
1 )( 1015

Zn doped, p type
6y10"

microwave-transmission techniques employed in

previous work on Ge and described in Ref. 5. For
the degenerate, highly conducting n-type samples

(X&, N2, and E4), we make use of contacts placed
on the side of ihe substrate. In this case the con-
ductivity is obtained as a simple two-terminal mea-

surement. Neither the microwave signal nor the
latter two-terminal conductance can be expressed
directly in terms of a surface-layer conductivity.
Lacking adequate calibration, we show the data in

terms of arbitrary units. The cyclotron-resonance
data is obtained from the change of transmission
of the far-infrared radiation of a molecular-laser
source. The technique has been employed also in
Ref. 5 for Ge. As in the Ge work, a light emitting
diode (LED) mounted near the sample, supplies

band-gap light of intensity sufficient to create the
minority carriers required for the modulation.

III. EXPERIMENTAL RESULTS
AND DISCUSSION

A. Capacitance and conduction threshold
characterization

wave-guide —light-pipe system, is exposed to
thermal-infrared radiation ( -300 K). This pro-
vides majority carrier conduction even at T-4.2
K. It can, in addition, be illuminated by the LED.

Figure 1 shows C observed for a typical p-type
sample under various different conditions. The
upper curves C apply for a modulation of 2V&~.
With f ~ ——39 Hz at 77 K and the LED on, we

record at + VG the full insulator capacitance. It is

the value calculated from the known parameters
and agrees with the static C. The latter is mea-
sured from a static EQ/b, VG, with 6VG equal to
an arbitrary voltage step above + 50 or below
—50 V. C is the value used to establish the slope
of X, vs VG relation. At + 25 V, C drops and
continues to decrease at negative VG. It falls
below the C;„calculated for the nominal doping
level of the sample. The drop below C;„increases
with a lowering of T below 77 K. At 4.2 K, C for
both + VG is much reduced, but the break at + 25
V remains identifiable.

The lower half of Fig. I repeats the 4.2-K curve
and demonstrates explicitly how it depends on

f ~. Lowering the frequency from 39 to 6.3 Hz
causes a rise of C. A similar rise occurs with an

The variation of the MIS capacitance with ap-
plied gate voltage and the measurement of the on-

set of channel conductance provide sensitive indi-

cation of band bending and charging of the surface
layer. They are an essential test for the adequacy
of the I-S interface preparation. For the present
case of samples without source-drain contacts, the
capacitance is also a measure of the modulation
and surface-charging capability through the sub-

strate contact.
The small signal ac capacitance C in Fig. 1

represents the current in the substrate-gate circuit.
C monitors the surface-layer charging and includes

- the effect of resistances, possibly non-Ohmic, the
substrate contact, possible surface-layer paths, and
the substrate. The sample as mounted in the
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FIG. 1. Dynamic (C) and static (C) capacitances ob-
served under various experimental conditions.
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FIG. 2. Correlation of the C( VG) with the onset of
surface conductivity. Voltage prestressing shifts both
equally.

increase of the modulation voltage from 2 to 20 V.
The onset of the step in C remains fixed at + 25
V. The LED illumination is important. With the
LED turned off, a small background C is observed
for both positive and negative VG. Since the cable
and lead capacitances have been carefully subtract-
ed, the latter must represent a capacitance associat-
ed with the sample and its contacts. For LED-off
conditions, with large 6VG above + 50 V, one ob-
tains the proper C value for positive VG.

The complex behavior of C( VG), which looks
unlike the capacitance expected of a p-type sample,
results from a great many factors —illumination-
induced nonequilibrium, a non-Ohmic substrate
contact, possible surface-channel conductivity, in-
terface states, avalanche generation of minority
carriers, etc. We do not intend to examine these,
but rather to use C( VG) as an experimental cri-
terion for the onset of surface charging with
mobile carriers. We associate the drop of C at
+ 25 V with a threshold VT.

Proof that the drop of C should be identified
with VT is provided in Fig. 2. Curves of C are
shown for sample P3 together with the surface
conductivity. Figure 2 also demonstrates that bias
stress at room temperature can be used to shift VT.
The middle curve results when the sample is
cooled with shorted gate-substrate contacts. For
negative VG stress applied at 300 K for several

hours prior to cooling, Vr is shifted to negative
values. Positive prestressing has the opposite ef-
fect. The increased rounding of the conductivity
onset suggests inhomogeneity of interface charge.
The value of C varies with the insulator charge.
Because of drift and readjustments of the mi-
crowave system, the three conductivity curves can-
not be used directly to evaluate differences in the
mobility with VT shift.

The conductivity in Fig. 2 is linked with surface
electrons. No surface-hole conductivity is indicat-
ed up to the largest negative VG of 400 V. The
distribution of interface states found in Ref. 7 for
Inp leads one to expect a pinning of the Fermi en-

ergy E~ to the conduction-band edge.
In contrast to these observation on the P sam-

ples, the n-type specimens show a constant C( VG)
equal to the insulator value. This result would be
expected for Ez pinning at the conduction-band
edge. Light has no influence on either the surface
conductivity or the capacitance.

B. The field-effect mobility @pe

The variation of the conductivity derivative
do'/d VG with VG reflects the dependence of
scattering on the surface field and charge. It is
proportional to what is known as the field-effect
mobility pFE. Under special conditions, structure
in pF, ( VG ) has been linked with the onset of occu-
pancy of the next higher subband. '

Figure 3 shows do/d VG curves for InP. The
upper two traces are 0 and do /d VG for X2, an n

type sample. By and large, after the initial rise,
the derivative curve is without distinct features. It
remains essentially constant for a well-prepared
surface; i.e., the conductivity rises linearly with N, .
Because rounding of the foot of the o. curve makes
it difficult to define the onset of conductivity, we
use do/d VG as an experimentally reproducible cri-
terion for VT. A straight line is fitted to the rising
do/d VG. Its intercept with the base line for I'
samples, or with a horizontal line through the
background do. /d VG for N samples, has been used
as an operational definition of VT.

P samples require LED illumination for ade-
quate modulation. For sample P4 and the lower
two traces in the figure, some structure can be
identified at the position (-+130V) where the
magnetoconductance oscillations show the appear-
ance of n =1 subband electrons. A dramatic
change in the curve occurs after electrical pre-
stressing at room temperature. The broken curve
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FIG. 3. Mobility curves for n- and p-type samples.
The arrow at Vz. marks where the next subband is being

occupied. The broken line is obtained after a cycle of
positive and negative voltage stressing at 300 K.

results after applying + 200 V for several hours.
The change indicates a major reduction of mobility
at high X,. Along with this change in do /d VG we
observe in SdH measurements a mobility drop for
the n =0 subband electrons relative to the n = 1

subband.

C. The magnetoconductivity 0. (H)

The variation of the conductivity of p-type
specimens in a perpendicular field H provides a
convenient measure of the mobility p =e~/m*.
Figure 4 is a set of data for P2 when the threshold
Vz has been optimized, a procedure which requires
cooling down with shorted gate-substrate contacts.
The four densities N, are typical for the range
studied.

For all but the lowest N„the curves can be fit-
ted well to

0 (H)=op/(1+@ H ) .

The half-amplitude point of 0. /cro gives pH =1.
Above 1.5& 10' cm we obtain a nearly constant
@=3300cm /V sec. For 1.2&& 10' cm, p has

FIG. 4. Conductivity vs magnetic field for different
Successive curves are shifted by 0.5 for clarity.

The arrow marks the point pH =1.

decreased measurably, and at the lowest density the
curve no longer fits the free-carrier relation above.
The rising 0 at low H is evidence for conduction
perturbed by the presence of fixed interface charge.
It is most evident at low E, where screening is
poor.

The "negative magnetoresistance" effect can be
enhanced dramatically with the V~ shifts that were
demonstrated in Fig. 2. Thus after several cycles
of drifting forward and backward, the "negative
magnetoresistance" effect in sample P~ was found
to exist at all X„upto the highest, -3X 10'
cm . The magnitude, in terms of the rise
bo (H) [=sr '" o~(0)]—divided by o (0) ex-
ceeded 50% at low N, . We believe that the effect
is related to the negative magnetoresistance dis-
cussed in Ref. 10.

D. Quantum-magnetoconductivity oscillations
and subband occupation

The curves in Fig. 4, for fields H ~ 3.5 T, show
quantum oscillations. The appearance of well-
resolved structures is crucially dependent on the
V~. Just how sensitively the oscillations depend on
the threshold and related oxide charging is illus-
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trated in Fig. 5. %ith%, =1.5&10' cm we
record do/d VG for three settings of VT. The
values of + 70 and —30 V are achieved with
strong positive and negative voltage-bias stressing
(at 300 K). Vr ——+ 14 V results when the sample
is slowly cooled with shorted substrate gate. This
results in the highest mobility and good oscilla-
tions. Since both of the other threshold settings
show substantial rounding of the conductivity on-
set (compare Fig. 2), we suggest that inhomogenei-

ty of the interface charge contributes to the damp-
ing of the oscillations.

%ith Vz optimized, in a typical P-series sample,
the oscillations shown in Fig. 6 are obtained. The
evolution of a second period of oscillation with in-
creasing N, is best followed in this kind of H
sweep at fixed N, . The second period appears
clearly resolved only above X,=1.5&10' cm
It has not been observed in previous work, al-

though the puzzling observation on the irregular
spacing of the peaks in an N, sweep now finds a
natural explanation. Two subbands are occupied
above —1)&10' cm . A fan-chart construction
is made from data in Fig. 6 with the ordinal num-
bers assigned as marked.

The densities of occupation N, and N,
' in the

first and second subbands are evaluated from the
measured periods as b, (1/H) =(e/mfi)(1/N, ). We
assume spin degeneracy g, =2 and a valley factor
g„=l. The sum N, +N,' gives the total density

N, . Generally the E,' electrons are observed down

dG

dQ . 2 K LED on

12 -2
08 (10 cm j

to lower values of the field H. It is possible to
deliberately suppress the fast oscillations relative to
the long period with the voltage-stressing and Vq-
shift procedure.

The oscillations were studied also for N speci-
mens with the use of contacts attached to the sam-

ple sides. As in the inset of Fig. 7, the measuring
current divides into separate contributions Iz and

Iq, through the bulk and surface, respectively. The
geometry of current flow is ill defined and, more-
over, changes with the field H. The bulk resis-
tance is subject to a large magnetoresistance and
carrier freeze out, which results in the steeply ris-
ing background of Fig. 7. The oscillatory structure
is from the surface layer.

For the N samples, it is preferable to take data
using the VG sweep at constant H. An example is
shown in Fig. 8. The conductance oscillations and
filling of the n =1 subband appear most clearly in
the curves for 2 and 3 T. The onset of occupancy
occurs just above X~ ——1p 10' cm . The general
characteristics of the oscillations in N and P sam-
ples are surprisingly similar. The evaluation of the
SdH periods for N and P samples shows that they

InP (100) p s

T =42 K LED on

5~]p' cmS 1.5

U
Qp

N

0
E
O
C

FIG. 5. Effect of threshold V~ on the SdH oscilla-
tions.

10

H(Tj

FIG. 6. SdH oscillations in the conductance deriva-
tive. At densities X,) 1.5&(10' cm, a second period
is identified.
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FIG. 7. Oscillations in do/d VG vs H for an N sam-

ple with S-D contacts.

are identical. We derive the same N, and N,
' for

all the three types of material with different mag-
nitude and character of doping.

This result was totally unexpected and allows

only one conclusion, namely that we are observing
n accumulation on the nominally p-type samples.
The occupancies for the three samples P2, P4, and

X4 are all plotted in Fig. 9. In each case the sum

N,'+N, equals the total charge in the surface layer
evaluated independently from the capacitance C
and VG —VT. Uncertainties are estimated to be of
the order of the size of the points entered in Fig. 9.

A possible reason for the accumulationlike con-
ditions for electrons on P-sample surfaces is the
LED illumination. Under band-gap illumination,
the depletion charge can be reduced and a quasi-
Fermi-level for the minority carriers can rise to
near the conduction-band edge. The effect on sub-

bands in Si is well documented. Nevertheless, for
InP this is not the case. The proof is obtained
with SdH data taken in the absence of band-gap
light. Such measurement is made with fixed X,
and employs H modulation in an H sweep. With
the sample charged under each of several con-
ditions —V~ applied at 300 K and then cooled
down, VG above avalanche threshold at 4.2 K in
the dark, VG at 4.2 K with LED on at first and
-then removed, VG initially above the desired value
in the dark and then reduced —we observe identical
SdH period in do. /dH with the LED off or on,

2~0 1 2 3
I I I

12 -2
s(10 cm j

FIG. 8. do. /dVG vs X, for an n-type sample.

and in dcrldVG with LED-on conditions. Both
subband periods, with the very same number of
charges N, and N,

' as for accumulation on X sam-

ples, are observed. We must conclude that the sur-

face layer on all samples is n type. The electrons
are always in accumulation subbands.

N~
N~o

1

0 1 2 3
12 -2

Ns {10 cm j

FIG. 9. Subband occupancies N, and N,' vs total
density N, .

E. Subband energies

Given the experimentally measured occupancies
of two subbands such as N, and N,', it is a
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The result is surprising, but it is in line with what
has been observed and examined in detail for
GaAs. ' The splitting has been explained there in
terms of an exchange energy effect, which acts to
enhance the spin splitting energy.

O. Surface cyclotron resonance

P(H)

P(0)

InP (100 ) P 4 T =4.2 K

LED on

%4i =10.5 meV

2.8

2.2

1,9

0.9

0.5

Nq

12 -2
(10cm )

Hr~
6 ) 8

H{T)

FIG. 12. Surface-cyclotron-resonance absorption
I'(H) normalized to absorption in zero field. The
curves at various densities N, are offset for clarity.

The resonance absorption of the surface carriers
at infrared frequencies in a perpendicular magnetic
field has been used to obtain the effective mass and
scattering time for surface layers on Si (Refs. 15
and 16} and various other semiconductors. Judg-
ing from the magnetoconductivity described ear-
lier, we expect that m, ~-2 at 8 T and for the in-
frared energy —12 meV. Thus cyclotron-
resonance experiments on Inp should be possible.

The X samples are degenerate and opaque at the
frequencies of interest in zero field. In transmis-
sion cyclotron experiments, one observes both
magnetoplasma-edge behavior and carrier freeze
out from the volume. This complicates and inter-
feres with the interpretation of the surface-layer
absorption. In addition, several magnetoimpurity
resonances give sharp structures in both direct
transmission and in the surface-modulated mode.
We restrict the present discussion for this reason to
work with P-series specimens.

Typical of the results is the set of traces in Fig.
12, where the decrease of transmission of 10.5-meV
radiation is recorded as a function of the perpen-

dicular K field for various surface-electron concen-
trations. As in the previous work on Si, ' this is
recorded in terms of power absorbed in the sample.
The signals are obtained with unpolarized radiation
and the amplitude never exceeds about 10% of the
transmission. Because of difficulties with reflec-
tions and standing-wave behavior in parts of the
sample holder and apparatus, the amplitudes can-
not be quoted reliably in terms of the percentage
change of transmission. The origin of each succes-
sive curve is shifted by the amount indicated in the
lower left of the figure.

The resonance line shapes in Fig. 12 are
anomalous. The absorption signal is not at all that
of free electrons with an co,r-2 The. expected
maximum absorption, at K, for the known m,

'
value of 0.08mo, is -2.5 times the absorption
P (0). Line-shape distortions from interference ef-
fects in the sample substrate' can be discounted
because of the rough, as-cut back surface. More-
over, neither a different choice of co,r, nor
standing-wave interference can account for the rad-
ical change of the curves with lowering of E,. The
fact is that this line shape cannot be fit to simple
Drude theory of absorption in a magnetic field.
The resonance peak, for the highest N„falls
measurably below H„,. The cyclotron absorption
that is observed here is quite similar to signals in
Si at low N, .' There the effect has been linked
with perturbation of the surface carriers in a locali-
zation potential. It has been qualitatively inter-
preted in terms of a lowering of the m,

* in a Drude
description.

According to a model description' of the per-
turbed surface cyclotron resonance, the resonance
should approach free-electron behavior as the ener-

gy of excitation is raised in relation to the surface-
localization potentials. That this is the case here
we demonstrate in the final Fig. 13. The data for
p4 are repeated at fico = 12.9 meV. The resonance
maximum is now more clearly identifiable and for
the same E, nearer the expected H, . The curves
for N, & 1)& 10' now show up a maximum. Figure
13 also has chosen data taken with a lower tem-
perature in order to demonstrate the existence of
the quantum oscillations in the transition probabil-
ity as predicted by Ando' and studied in detail for
Si in Ref. 15.

IV. CONCI. USIONS

In this final section we provide a brief overview
of the knowledge that has been gained about the
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FIG. 13. Surface-cyclotron resonance with duo=12. 9
meV. Compare with the preceding figure for %co=10.5
meV.

physical properties of electron transport on sur-
faces of InP.

The routines of surface oxidation that provide
for Si an easily reproducible and well-characterized
I-S interface, are not available for InP. It follows
that a number of the results in the previous sec-
tions are tied to the specific chemical and physical
preparation procedures that we have employed.
The chemical polishing and the room-temperature
deposition of a chemically inert lacquer insulator
have in this work yielded samples that differ
markedly from those prepared for the investiga-
tions of v. Klitzing et al. in, Ref. 2. The most
striking difference is the —. six times higher surface
mobility that is achieved here.

After this word of caution about interface
preparation, here are the facts, features, and con-
clusions as they relate to the InP MIS structures
employed in this study. The MIS capacitance of
n-type samples is constant and equal to the insula-
tor value. That of the P samples varies with VG in
an unusual and not easily understood manner.
There is a marked drop of the dynamic capaci-
tance when the VG is lowered. The drop is linked
in Fig. 2 to the disappearance of surface n-channel
conduction and thus provides an easy identification
of the threshold voltage Vz. In both types of
specimens, the Fermi level is pinned at the surface
in such manner that p-channel conduction is never
achieved (up to E,=4X10' cm ). The field-
effect mobility variation with VG has a form that
appears superficially similar to Si. It is sensitive to
the creation of interface and oxide charge (Fig. 3)

primarily at high N, . The quantitative evaluation
of magnetoconductivity data (Fig. 4) gives the
transport mobility of good surfaces as 3300
cm /V sec. The optimal values achieved in Ref. 2
are only -500 cm /V sec. The observability of
strong quantum oscillations in the present samples
is tied to reduction of the interface charge (Fig. 5).
Two periods of oscillation from two occupied sur-

face bands are identified for N, & 1 X 10' cm
(Figs. 6 and 8). The occupancies and energy split-
ting of the n =0 and n =1 subbands have been
determined (Figs. 9 and 10).

The comparison of the energy with theory leaves
no doubt that the surface electrons on both p- and
n-type specimens are in an accumulationlike poten-
tial well, i.e., the surface layers prepared in this
work are always n type, independent of substrate
doping. The occupation of two subbands is a
consequence of the accumulation conditions. Ac-
cumulation is also one reason for the high mobili-

ty. The work in Ref. 2 shows a decrease of mobil-

ity with rising depletion field. There is observed a
twofold splitting of the oscillation peaks (Fig. 11)
for the highest mobility samples at low values of
the surface-current density. We suggest this to be
caused by exchange-enhanced spin splitting. Final-
ly, the surface-cyclotron resonance (Figs. 12 and
13) with its deviation from a free-electron-like
o(co,H) demonstrates explicitly that there are per-
turbations of the interface conduction. The fre-
quency dependence of the resonance (compare Figs.
12 and 13) is that expected from a model descrip-
tion of cyclotron resonance in the presence of at-
tractive surface potentials.

This paper on InP is a modest first step in

understanding electrons at Si-SiOq interfaces and

GaAs-Ga~ „Al„Asheterojunctions. Nevertheless,

a close comparison with other papers on the same

subject is warranted when it comes to cyclotron-
resonance results, the spin-splitting effect, and mo-

bility variation with interface fixed charge. We
have tried to include many different observations

on the same specimen into a single experimerital

report to allow the interested reader to relate the
information contained therein.
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