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We report the first measurement of room temperature carrier lifetimes at a magnetic metal—
semiconductor interface, F&aAq001)-(2 X 4). The lifetimes are significanthgnhancedrelative to
uncoated or sulfur-passivated surfaces, or théGalAg001)-(2 X 4) interface. These enhanced life-
times correlate with a corresponding decrease in the density of midgap states which otherwise dominate
the character of the GaAs(001) surface. The epitaxial Fe film provides both a ferromagnetic contact and
a superior surface-passivating layer which does not pin the Fermi energy. [S0031-9007(97)04694-2]

PACS numbers: 73.20.—r, 73.61.Ey, 78.66.—w, 85.70.Yv

Magnetic metal—semiconductor heterostructures forna very efficient mechanism for spin relaxation at the
the basis for an emerging class of devices which deriv&aAs surface/interface [9]. These states are a serious im-
their utility from the combination of the magnetic and elec- pediment to successful operation of spin-dependent metal—
tronic properties of the individual material constituents [1-semiconductor tunnel junctions [9] and spin-polarized
3]. Monsmeet al. [2] recently fabricated a Si metal-based scanning tunneling microscopes which employ a GaAs
transistor utilizing a (CpCu) spin-valve multilayer as the tip [10]. The ability to suppress interface states also
base. The change in resistance of the base with applidths implications for conventional IlI-V devices, such as
magnetic field due to the spin-valve effect controlled theGaAs-based FETs. Interface states at the metal Schottky
hot electron transport between the Schottky barrier emitgate junction reduce the device gain, increase the thresh-
ter and collector. Datta and Das [1] proposed that a spineld voltage, and result in increased gate leakage current
polarized mode of operation could be realized in a llI-V[11]. Gate leakage current results in increased power
based field effect transistor (FET) by utilizing a ferromag-consumption and reduced noise margins in circuits [12].
netic metal as the source and drain contacts, and modeledThe samples were grown in a multichamber molecular
the response of the device in terms of spin-polarized trandseam epitaxy (MBE) facility om™-GaAg001) wafers.
port and carrier spin precession in the high mobility two-They consisted of an™-doped buffer layer followed by
dimensional electron gas channel. a 1000-1500 A undoped GaAs spacer layer. The growth

The high mobility and optical properties inherent to 1ll- was terminated using a flux sequence [13] to produce a
V semiconductors make them especially attractive as aell ordered2 X 4 As-dimer terminated surface recon-
foundation for hybrid devices utilizing ferromagnetic lay- struction [14]. These surfaces exhibited a high degree
ers in intimate contact with the semiconductor. Howeverpf atomic order as confirmed by both scanning tunneling
many IlI-V materials are notoriously sensitive to surface/microscopy [15] and reflection high energy electron
interface effects and the formation of midgap states whicHdiffraction (RHEED), with average terrace widthsho25—
result in high surface recombination velocities, decreasefl.5 um. The sample was then transferred in ultrahigh
carrier lifetimes, and Fermi level pinning [4,5]. A great vacuum (UHV) to a second MBE chamber, where Fe was
effort has been made to develop procedures which passieposited from a Knudsen cell-type source at a growth
vate the exposed surfaces of l1I-V materials, most notablyate of ~3 A/min and a substrate temperature of 2Z5
GaAs, with some success [6-8]. resulting in single crystal growth of a continuous 50 A

In this Letter, we report the first measurement ofa-Feg001) film whose crystallographic axes are aligned
room temperature carrier lifetimes at a magnetic metal-with those of the substrate. Such films exhibit room tem-
semiconductor interface, F&aAg001)-(2 X 4). We  perature ferromagnetism for thicknesse® A [13]. After
find that the lifetimes are significantgnhancedelative to  cooling the sample to slightly below room temperature, a
other surface terminations, and that this enhancement coB0 A gold film was deposited to prevent oxidation of the
relates with a significardecreasen the density of midgap Fe surface.
states, which otherwise dominate the character of the Photoreflectance (PR) spectroscopy was used to mea-
GaAs(001) surface. We demonstrate that the epitaxial Feure the Schottky barrier height and semiconductor car-
film provides a ferromagnetic contact, suppresses midgager lifetimes in the interfacial region. These values were
state formation, and does not pin the Fermi energy. Theseonfirmed by electroreflectance (ER) spectroscopy, which
results have significant implications for the realization ofwas also used to assess Fermi level pinning on the metal
magnetic metal—semiconductor spin transport devicexoated samples. PR is commonly used to determine the
Recent calculations have shown that such states providsectrical properties of a semiconductor surface or interface
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[16—18] or the efficacy of IlI-V surface passivation proce-sulfur passivated using the wet chemi¢dlH,),S-based
dures [8,16,19]. Redistribution of charge at an interfaceprocedure [23], which is one of the more successful GaAs
produces an electric field across a depleted region, resulpassivation procedures to date [6,7,19,24]. Finally, since
ing in field dependent oscillations in the optical constantgshe Al/GaAs interface has also been widely studied, an
at photon energies above the band gap known as Fran&l contact sample was prepared by cooling the sample in
Keldysh oscillations (FKOs) [17]. For the case of a uni-UHV to room temperature after GaAs growth, returning
form electric field and a small modulation, the differential it to the 1ll-V growth chamber, and depositing a 100 A
reflectance signalAR/R, may be asymptotically written single crystal Al(001) film. This sample was also coated
as [17] with Au.
AR 4 (E — E,\32 The PR data are summarized in Fig. 1. The signal in
EXE — Eg)‘1/2 —— <~ AV co{—( g) + q',} phase with the modulating laser beam is shown as a solid
R 3 ho line, while the dotted line shows the quadrature signal,
(E — Eg)l/2 which derives from midgap or defect states at the surface/
X exp[—2r W} ’ interface. The FKO period (electric field) is approximately
the same for each spectrum due to the different spacer
1) Ia : . i .
yer thicknesses used, so that the obvious differences in
where E is the photon energyE, is the energy gap, FKO damping are due primarily to differences in carrier
¢ is a phase factorl” is the reduced interband lifetime lifetimes.
broadening parameter, ahd is the electro-optic energy.  The damping of the FKOs and the amplitude of the
AV is the modulation voltage in the region of the electricquadrature signal both vary dramatically for the four termi-
field produced either by the pump laser in PR or by amations of the GaA$2 X 4) surface, reflecting the strong
applied ac bias in ER. The quantiiig is related to the influence of the interface. In the reference native oxide
electric field 7 and the reduced interband effective masssample [Fig. 1(a)], the oscillations are well formed but
along the direction of the electric fielghy = [(1,' +  strongly damped and extinguished by 1.75 eV. The pe-
wn )™, throughif = (e2F2R2/2u))'/>. riod of the oscillations corresponds to a measured sur-
As can be seen from Eq. (1), the sinusoidal FKOs ardace barrier heigh¥’yz = 0.62 eV, and a corrected value
damped by an exponential envelope. The period of th&s = 0.72 eV. This value agrees well with that expected
oscillation is determined by the magnitude of the electridrom the well-known pinning o r at midgap which ac-
field, and the exponential damping is determined by theompanies the native surface oxide [21]. The stable oxide
electric field and lifetime broadeninfj from which the has been shown to be &3;, whose formation leads to the
reduced carrier lifetime is derived,= /T [17]. release of As [25]. Excess As at the interface pipsat
In the samples studied, the relative positions of themidgap [22,26,27]. The very large quadrature signal con-
conduction band and Fermi ener¢§r) are established firms a high midgap state density. The strong damping of
on either side of the undoped spacer by the doping the FKOs can be understood in the context of these midgap
and the surface (Schottky) barrier, respectively. Thisstates which act as centers for fast nonradiative recombi-
forms a capacitorlike structure with a constant electricnation or scattering, resulting in a significant decrease in
field F across the known thicknes$ of the undoped carrier lifetimes [16]. The lack of a benign native oxide
spacer [20]. The measured surface barrier height is givehas long been recognized as a significant shortcoming of
approximately by = F*d [21]. For uncoated samples, GaAs-based device technology.
this value must be corrected for the surface photovoltage The PR spectrum obtained from this same sample im-
Vp to yield the true surface barriéfs = Vp + Vp. The mediately after sulfur passivation [Fig. 1(b)] exhibits a
value of Vp at 300 K was found to be 100 meV from significant increase in the ratio of the in-phase to quadra-
temperature dependent measurements, in agreement witire signals, but the FKOs are again strongly damped and
previous results [22]. The metal coated samples exhibitethe quadrature signal remains large. Although the midgap
negligible surface photovoltages. state density appears reduced due to this widely used passi-
The PR data were obtained at room temperature usingation procedure, it still dominates the character of the in-
a typical modulated reflectance apparatus [16,18] in whiclerface. Similar comments apply to the/@aAs(2 X 4)
the 543 nm line of a He-Ne laser chopped-a00 Hz was  spectrum [Fig. 1(c)]—the FKOs are strongly damped and
used as the modulation beam. In addition to the Fe contathe quadrature signal remains large.
samples, three other types of samples were grown in an In contrast to the reference spectra, the FKOs in the
identical manner and studied for comparison. An uncoateffe/GaAs(2 X 4) spectrum [Fig. 1(d)] are much more
sample which was simply removed from the MBE systempronounced and exhibit much less damping, extending
and exposed to atmosphere following GaAs growth ando 2 eV. The significant reduction in damping indicates
(2 X 4)-As surface termination was used as one referenca substantialincreasein carrier lifetimes. This is at-
sample, since the oxid&aAs interface has been well tributed to a suppression of midgap state formation, as
characterized in the past [21]. This same sample was thendicated by the absence of a quadrature signal. These
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FIG. 1.

300 K PR spectra for (a) native oxide reference

sample,F = 58 kV/cm; (b) same sample following sulfur pas-
sivation, F = 61 kV/cm; (c) Al/GaAs(2 X 4) sample,F =
55 kV/cm, and (d) F¢GaAs(2 X 4) sample,F = 60 kV/cm.

The thickness of the undoped spacer is 1070 A for (a)—(c), and

1500 A for (d).

substantial reduction in the density of midgap states which
would otherwise pirEr and produce a lower barrier.

The reduction in midgap states can be further assessed
by applying a variable dc bias voltage across the structure
to forward or reverse bias the Schottky barrier. This effec-
tively sweeps the semiconductor Fermi energy through the
band gap at the interface (see insets in Fig. 2), and should
result in a linear dependence of the resultant electric field
on applied bias in the absence of interface states which
would otherwise pinEr. Deviations from linearity indi-
cate Fermi level pinning. These data are plotted in Fig. 2
and were obtained by superimposing a small ac voltage on
the dc bias for lock-in detection of the reflectance signal
(ER) [18]. We find a linear dependence for applied biases
of —0.6 V (reverse) to+0.6 V (forward), demonstrating
that Er can be moved freely from the valence band edge
to just below the conduction band, respectively. At zero
bias, Er lies 0.52 eV above the valence band maximum.
Under forward bias, the electric field in the undoped spacer
is reduced as the conduction band is forced nearly flat, and
the sample becomes highly conductivet&t6 V, limiting
the maximum forward bias voltage which could be applied.
In contrast, similar data obtained for the oxide sample with
a metal film surface contact (Pt) show pronounced devia-
tion from linearity, saturating under forward bias due to
midgap pinning. The A[2 X 4) sample showed no dc
bias dependence, attributed to the high midgap state den-
sity as indicated by the large quadrature signal [Fig. 1(c)].

Quantitative values for the carrier lifetimes near the
interface may be obtained by analyzing the data using
Eqg. (1), with the carrier lifetime as the principal fitting
parameter. The model takes into account transitions from
both light and heavy holes (light/heavy intensity fixed at
0.33 per their transition matrix elements); the interference
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FIG. 2. Dependence of the electric field across the undoped

data are representative of those obtained from four separa@®As spacer on the applied dc bias as obtained from ER

Fe/GaAs growth runs after optimization of growth condi-
tions [13,15]. The period of the oscillations yields a sur-

face (Schottky) barrievs = Vz = 0.90 eV, significantly
higher than that of the reference samples, again indicatingshow band diagram under forward and reverse bias conditions.
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spectra (300 K) for the F& X 4) sample of Fig. 1(d) (solid
circles, least-squares-fit line) and for g &tide (2 X 4) sample
(open triangles—these data have been shifted vertically by
+30 kV/cm to coincide with the Fe data at zero bias). Insets
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between these contributions produces the beating observedin summary, we have found that an epitaxial Fe film on
in the data. Quantitative fits to the spectra for the oxideGaAg001)-(2 X 4) suppresses the formation of midgap
sulfur-passivated, and Al-coated samples (which exhibstates which otherwise dominate the character of the GaAs
ited strong damping and large quadrature signals) providsurface, resulting in enhanced carrier lifetimes and unpin-
room temperature carrier lifetimes= 30 fs. In contrast, ning Er. These results have significant implications for
the fits for the F€2 X 4) samples yield a carrier lifetime magnetic metal-semiconductor spin transport structures,
of ~90 fs, a factor of 3 longer. The marked difference as well as conventional Ill-V devices, where the deleteri-
between these lifetimes can be explained by invoking @us effects of interface states are well documented.
coupling of the bulk carrier wave functions to the midgap This work was supported by Office of Naval Research
states localized at the semiconductor interface which pro€ontract No. N00014-97-WX20432.
vide a decay channel for the photoexcited electron-hole
pairs. For the F&GaAs(2 X 4) sample, there are few
such states at the F&aAs interface, and this decay chan-
nel is quenched, as manifested by the lack of a quadrature
signal and an increase in carrier lifetime. [1] S. Datta and B. Das, Appl. Phys. Le8i6, 665 (1990).
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