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Carrier transport in amorphous silicon-based thin-film transistors
studied by spin-dependent transport
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Carrier transport processes in hydrogenated amorphous silicon-based thin-film transis®ats TFT's)
are investigated by spin-dependent transf®RT). Spin-dependent photoconductivitgDPQ signals arising
from less than 19 spins in a small transistor are detected with an adequate signal-to-noise ratio. SDPC
measurements reveal two different limiting steps for the light-induced leakage current in TFT’s depending on
the gate voltage: bulk recombination in undo@e®i:H and recombination near the source junction. Also, the
leakage current mechanism under high source-drain fields is identified by SDT measurements in the dark as
electron hopping via defect states located at the interface between ural&igd and the passivation silicon
nitride layer. Both silicon dangling bonds and nitrogen dangling bonds seem to be involved in the electron
hopping process. At temperatures below 100 K, spin-dependent hopping of electrons in conduction-band tail
states is observed. The change of the dominant transport path from extended state conduction to variable range
hopping conduction with decreasing temperature is confirmed by SDT measurements.
[S0163-182606)00436-5

[. INTRODUCTION is well known that localized electronic states arising from
structural disorder and structural defectsai®i:H adversely
Spin-dependent transpd@DT) is a powerful method for  affect the device performanééThus, understanding the na-
investigating carrier transport processes in semiconductorsure of localized states is essential for designing and improv-
The major advantages of this technique @yeenhanced de- ing these devices. SDT is considered as a suitable means for
tection sensitivity(ii) in situ detection of paramagnetic de- studying these localized states in TFT's, not only because of
fects under normal operating conditiorisi) the capability its high detection sensitivity which allows us to obtain infor-
of providing information about the microscopic structure of mation from a small number of paramagnetic states con-
paramagnetic defects as in conventional electron-spin restained in small devices, but due to the fact that it directly
nance(ESR). There are a number of reports on the observaobserves the interactions between charge carriers and local-
tion of ESR-induced conductivity changes in crystallineized states under normal operation.
silicon? crystalline p-n junctions®=* silicon/silicon dioxide In addition to the technological importance described
interfaces’® polycrystalline silicon”® and amorphous above,a-Si TFT’s can also be used as a tool to study spin
silicon®*°In hydrogenated amorphous silicoa-8i:H), Der-  physics in a-Si:H. Using three terminal metal-insulator-
sch, Schweitzer, and Stukehave identified two elementary semiconductor devices, one can vary a variety of physical
processes in carrier recombination by spin-dependent phot@arameters, such as carrier density or internal fields over a
conductivity (SDPQ. Recent progress in this field has beenwide range. This fact opens the possibility of observing reso-
reported by Lips, Schte, and Fuh¥ and Brandt and nance phenomena which cannot be detected in a simple gap-
Stutzmani® showing that all paramagnetic states that givecell structure with Ohmic contacts. This paper reports de-
ESR signals are also detectable by SDT. These studies denailed results of SDT im-Si TFT’s aiming to study carrier
onstrate the high potential of this method for material chartransport processes in these devices. After describing experi-
acterization. Although it seems to be intriguing to apply SDTmental procedures, results on spin-dependent photoconduc-
for characterization of active devices, such attempts are quitigvity (SDPQ in a-Si TFT's are shown in Sec. Ill. The car-
limited so far** In this paper, we report on the results of the rier recombination kinetics im-Si:H TFT's is discussed. In
application of SDT to amorphous silicon-based field-effectSec. IV, the observation of spin-dependent hopping in the
transistors that are now key components for various microleakage and forward currents are described. The leakage cur-
electronics applications. rent mechanism and carrier transport at low temperatures are
Thin-film transistors based on hydrogenated amorphoudiscussed on the basis of these observations.
silicon (a-Si TFT's) are one of the most important applica-

tions in amorphous silicon technology. They have already Il EXPERIMENTAL DETAIL
been adopted as switching elements in active-matrix liquid-
crystal display® and various image sensing devi¢édn The sample used in this study were state of the art

spite of the rapid growth of their industrial importance, how- inverted-staggered TFT's with silicon nitrid&izN ,) as the
ever, still many important issues remain to be investigated. Igate insulator described elsewhere in more détall.cross-
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sectional drawing of the TFT is shown in Fig(al. The are involved in the recombination process. Since the field-
bottom (gate electrode consists of Al covered with a effect transistor is a unipolar device, it has to be illuminated
Al ,O; film with thickness of 180 nm formed by anodic oxi- to inject minority carriers. In Fig. 2, typical transfer curves of
dation. SgN, (200 nm), undopeda-Si:H (220 nm), and the TFT in the dark and under illumination are shown. The
n* a-Si:H (34 nm) were deposited consecutively in a multi- photocurrent obtained after subtracting the dark current is
chamber plasma enhanced chemical vapor deposition reaalso indicated in the figure. The leakage current at negative
tor. The SiN, film for the gate dielectric was deposited at gate voltage is increased by several orders due to the photo-
300° C from a mixed gas of SiHand NH; with a flow-rate  generated carriers. The SDPC signal was detectable over the
ratio of NH; to SiH, of 6. The undoped-Si:H film for the  entire range of the gate bias; however, the signal is getting
active layer was deposited from pure Sildt 250 ° C. The smaller as the gate voltage increake3he dependence of

n* a-Si:H film for the source and drain contacts was deposthe resonance spectra on the gate bias will be discussed in
ited at 250 °C from a mixed gas of SiHH,, and PH; with ~ Sec. Il B, in connection with the recombination kinetics.

a flow-rate ratio of PH to SiH, of 0.01. A layered electrode ~ As mentioned previously, one of the strengths of SDT is
consisting of Cr and Al was deposited on thé a-Si:H by  its enhanced detection sensitivity. A measurement using
sputtering, and patterned into the source and drain contactsmall TFT's can be a good test of the achievable sensitivity.
Thent a-Si:H between the source and drain contacts wagigure 3 compares SDPC spectra obtained from three TFT’s
etched off by reactive ion etching. Finally, the device waswith different W/L ratios. The peak-to-peak widthH , of
covered with silicon nitride film deposited at 230 °C. The the resonance line increases slightly with increasing W. It is
channel width/lengthiW/L) ratio of the TFT's was varied found that the line broadening is caused by microwave field

from 10/10um to 830/10 um. The typical effective mobil- €nhancement in the TFT due to the strong coupling between
ity and threshold voltage of TFT’s were 0.3 éfi's and 1 the microwave field and the TFT structure. The detailed

V, respectively. analysis of the field enhancement effect in TFT's will be

A standardX-band (9 Gh2 ESR spectrometetBruker ~ described elsewher8.The signal-to-nois€S/N) ratio dete-
ESP300 was used for SDT experiments. The sample wadiorates as the W/L ratio decreases, because the photocurrent
amounted on the top of a quartz tube, and placed in thélecreases with decreasing W/L. Since the SDPC signal in-
middle of the TE,, cavity where the microwave magnetic tensity is proportional to the photocurrent which scales with
field is maximum. TFT’'s were p|aced so that the Source_the W/L ratio, also the S/N ratio scales with the W/L ratio.

drain current direction was in parallel with the microwave Nevertheless, it is still possible to detect a signal with an
magnetic field H in the cavity as shown in Fig.(). For ~ adequate S/N ratio even in the smallest device studied which

spin-dependent photoconductivitgSDPQ measurements,
TFT's were illuminated from the source-drain side with a 10"

o R Rt LAAad MAAbn RAA RAAa aaat AR
tungsten lamp using a RG650 cutoff filter. The spin- sF

dependent change of the source-drain current was detected z 10 E N e
by a lock-in amplifier as a function of the external magnetic 'o 10°¢ !- 1
field. A magnetic-field modulation technique was employed - .F ILLUM - DARK ]
to obtain the first derivative of the resonance spectra. The g 10 ] 1
modulation frequency was varied from 177 Hz to 5 kHz. The S 10 .,
modulation amplitude was kept & G throughout all mea- e . oF E
surements. The measurement temperature was varied from 5 s 100k ¥,V/sz583/1° 1
to 295 K using a He gas-flow cryostat. S 0 [ sp*~ 1
E 295K s
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A. Detection sensitivity FIG. 2. Transfer characteristics of theSi TFT at 295 K. The

For the observation of ESR-induced photoconductivitybroken curve indicates the photocurrent after subtracting the dark
changes, it is essential that at least two paramagnetic statesrrent.
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change suggests a change in the dominant recombination
steps with gate bias. Dersch, Schweitzer, and Stukave
proposed a two-step recombination modeki®i:H on the
basis of the SDPC observation as follow$) tunneling of
electrons trapped in the conduction-band tail states to neutral
dangling bonds(2) hopping of holes in the valence-band tail
states which enhances the capture of holes by negatively
charged dangling bonds. The first step gives rise to a reso-
nance line withg=2.0050 andAH,=9 G (e-dbline), and
the latter step gives rise to a resonance line gitf2.01 and
AH,,=20 G (hline). The change in the line shape shown in
Fig. 4, thus, suggests an increase in the hole component with
2280 3300 3320 3340 2360 3380 d_ecreasmg qegatlve gate voltage. In fact, phase-shift analy-
Magnetic Field (G) sis, as described by Dersch, Schweitzer, and S]t’ukwea_ls
that the spectrum fovg=—4.5 V can be decomposed into

FIG. 3. Spin-dependent photoconductivity spectrai8i TFT's two components: a narrow line witg=2.0053 and a broad

with different channel widths/lengthW/L). The spectra were line with 9:2'0093' Thus, we cgn conclude that the hopp_ing
taken atVg=—20 V andVgp=20 V. of holes in the valence-band tail states becomes a rate limit-

ing process for the photo current at small negative gate volt-
has an active area of 010 wm?2. Assuming that the defect 29€s. It is interesting to note that the measurement tempera-
density in undoped-Si:H film is 101 cm~3, the absolute ture for our TFT is 295 K because thdine in SDPC spectra
number of defects in this device is estimated to be Tous, ~Nas bsel?rz‘l detectable only below 200 K in the previous
we could gain the detection sensitivity by at least a factor of €POrtS. " To understand the implication of the results
10’ compared to conventional ESR where the detection limiS"OWn in Fig. 4, we have to consider the carrier dynamics in
for dangling bonds ira-Si:H is 10 spins. It is not difficult field-effect transistors. As already shown in Fig. 2, the pho-
to reduce the device size to less thanllum? using state of tocurrent increases withfg as well as the dark current de-
the art semiconductor technology. Thus, one can expect toPIt€ @ constant excitation intensity. This implies the pres-
observe a signal from less than*16pins by SDT in such ence of a current amplification mechanism. This can be
devices. The above results demonstrate the applicability dffderstood in terms of the parasitic bipolar effect in field-

SDT for exploring defects and carrier transport in small€ffect transistors as follows: Al;=4.5 V, where the tran-
structures. sistor is in the subthreshold regime, an electron accumulation

layer is already formed at the-Si:H/Si;N, interface. One
can see a n-i-n bipolar transistor consisting of
n*a-Si:H/undopeda-Si:H/electron channel as illustrated in
Now let us turn to details of carrier recombination pro- Fig. 5a). The n*a-Si:H, undopeda-Si:H and the surface
cesses in TFT's. The SDPC spectra in TFT’'s depends on theccumulation layer can be considered as the emitter, base,
gate voltage as indicated in Fig. 4. With increasing negativeand collector of the parasitic bipolar transistor, respectively.
gate voltage, a gradual shift of tlgefactor to larger values, Photogenerated electrons are swept away by the source-
together with a change in the spectral weight of the resodrain field across the electron channel. Photogenerated holes,
nance towards lower magnetic fields is observed. The lin@n the other hand, drift towards the source and are blocked
shape does not show a remarkable change when the gaig the potential barrier at the source function. Holes trapped
voltage is increased from-4.5 to 10 V. The line-shape in the gap states produce a positive space charge and reduce
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B. Recombination processes im-Si TFT's
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FIG. 4. SDPC spectra at various gate voltages. Measurements were carried out at the points on the transfer characteristics shown in the
inset.
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Source at high negative gate bias and large source-drain field. Typical leak-
age current characteristics at various source-drain voltages are
shown in the inset. Note that the resonance signal is enhancing
(positive derivative of the absorption sighal
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IV. SPIN-DEPENDENT CONDUCTIVITY IN a-SI TFT'S

A. Leakage current in a-Si TFT's

FIG. 5. Schematic diagrams of the photoleakage current mecha- ) e
at high electric fields

nism and potential profiles in the devic&) small negative gate
bias; (b) large negative gate bias. The leakage current is one of the most important quanti-
ties for Si TFT's used in imaging devices, because it has a
great influence on the image quality of these devices. Thus, it
the potential barrier of the source junction, resulting in aniS important to investigate the leakage current mechanism in
increase of electron injection from the source electrode. Thd FT'S from a microscopic point of view using SDT. In the
recombination occurs mainly at te /i source junction be- Previous section, we have investigated the rate limiting pro-

tween the injected electron and trapped holes. Recombin&€SS of the photogenerated leakage current. In this section,

tion between the injected electrons and trapped holes reduc oth_er I_eakage current patharSi TFT's observed at high
ectric fields is studied.

the amount of the positive space charge, thereby reducing t ; . .
electron injection. Since the electron current is strongly in- A SDT resonance signal is found at large source-drain

] voltages and large negative gate voltages. The signal is ob-
fluenced by the amount of trapped holes, the spm-dependeggrvable without light excitation at room temperature. The

happing of holes which enhance electron-hole recombinati_orgignal is enhancing, meaning that the current increases at

can be a rate limiting step of the drain current, resulting iNasonance. A typical spectrum measured at a microwave
the appearance of the hole resonance even at room tempe@o—Wer of 200 mW is shown in Fig. 6. The signal has a

ture. The recombination kinetic_s QOes not change at positiveije-based Lorentzian line shape with the peak-to-peak
gate voltages where the TFT is in tioa state because the \yigth AH,, of 20 G and the zero-crossingfactor of 2.0054.
parasitic bipolar transistor is still existing. Thus, the line Tpe signal amplitudé o/ o reaches up to 2:910 3, which
shape does not change when Yheis increased up to 10 V. s much larger than that of the SDPC signal shown in the
On the other hand, when the gate voltage is becoming morgrevious section. Note that the line shape is affected by the
negative, the bipolar effect vanishes because there is no elegnhanced microwave field in the TFT. The leakage current
tron channel. The injected electrons recombine with holes itharacteristics of the TFT for various source-drain voltages
the undopedh-Si:H layer as in the case of standard photo-Vgp are indicated in the inset of Fig. 6. The leakage current
conductivity gap cells with Ohmic contacts. The current lim-depends slightly on the gate voltage, whereas it depends
iting process is recombination in the entmeSi:H layer as  nearly exponentially oWgp. The SDC signal amplitude, on
indicated in Fig. o). Therefore, the hole component disap- the other hand, depends both ¥gy and Vg as shown in
pears and the resonance signal shows quite a similar linEig. 7. Another interesting feature of the spectrum is the
shape to those reported so far for thin-film photoconductivappearance of a hyperfine structure at the position indicated
ity. by arrows in Fig. 6. The separation between the two hyper-
The parasitic bipolar action has been observed in shortfine peaks is about 70 G. Recently, an ESR spectrum with
channel silicon on insulator transistors where the hole curtwo satellite peaks having a splitting of 70 G in stoichio-
rent is generated by impact ionization in the drain depletiormetric or nitrogen-rich silicon nitride films has been reported
region?23 Although we lack direct evidence for the occur- and identified as nitrogen dangling botid-dB).2*2° Noting
rence of the bipolar action in o@-Si TFT'’s, it seems to be the similarity of the line shape between the results of Ref. 24
a reasonable model for understanding why hole hopping beand Fig. 6, it is likely that defects in silicon nitride films are
comes the current limiting step in thechannel device. involved in the transport path giving rise to the leakage cur-
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different source-drain voltages.

rent. 2°Si can be another candidate responsible for the ob- 15
served hyperfine structure because a pair of hyperfine lines
observed in the ESR spectra of Si dangling bonds also has a o
splitting of about 70 G°® However, the ratio of the hyperfine T
structure to the entire spectrum of Fig. 6 is estimated to be
15%, and is much larger than 4.7% which corresponds to the

(@)

10

5 | w/L=830/10um,

natural abundance dSi. Thus, we can rule out this possi- PV =40V,Vg =70V

bility. [ 1, =10nA (b)
The signal amplitude SP¢ and peak-to-peak linewidth (| S B ST R

AH,, are plotted as a function of the microwave povi&gy ] 5 10 15 20

in Fig. 8. The power dependence shows quite distinctive fea- Pu“‘5 (mw%5)

tures. The signal amplitude’®C increases as>°Cx PO pe-
low 10 mW. Above 10 mW, the power dependence changes FiG. 8. (a) SDC signal amplitude as a function of microwave
to ISP%P, . Corresponding to the abové\H,, shows a power. The signal amplitudes were corrected by multiplying with
linear dependence OIH%S below 10 mw, and tends to satu- the square of the peak-to-peak linewidtlis) The peak-to-peak
rate above 10 mW. The zero-crossiggfactor does not linewidth as a function of the square root of the microwave power.
change withP . This saturation behavior clearly indicates
that the observed resonance line consists of signals arisifgrge signal has been detected in our TFT’s. It is possible to
from different types of paramagnetic centers. The first comdistinguish between the second and third possibilities by tak-
ponent, which is dominant below,=10 mW, is already ing into account the dependence of the leakage current and
affected by the saturational broadening effect. The secon8DC signal intensity on the gate bias. As shown in Fig. 7,
component, which is dominant abof, =10 mW, does not Ac/o increases steeply with increasing negative gate bias
experience the saturational broadening even at the maximuiig above a certain value, while the leakage current increases
microwave powef200 mW), implying that this second com- only slightly with negative gate bias increases. Therefore, the
ponent has a much broader linewidth than the first compovertical field induced by the gate bias does influence the spin
nent. Judging from thg value (2.0054, it is likely that the  dependence of the transport path, but not the current itself.
first component originates from Si dangling bonds. It is rea-Taking into account this fact, we can rule out mechanism
sonable to ascribe the second component to a N-db, becau§B. For occurrence of the hole conduction, holes have to be
the line shape, which has two satellite peaks with a splittingnjected from the drain junction by tunnelifg The tunnel-
of 70 G and the lack of saturation are quite similar to thoseng probability of holes will strongly depend on the electric
of N-db24%° field in the drain depletion region and, therefore, depends
Then how can defects in silicon nitride films be involved strongly on the vertical field because the drain field in in-
in the carrier transport? The fact that the resonance is awerted staggered TFT's is parallel to this vertical field. Thus,
enhancing signal suggests the transport path to be due twe would expect an exponential dependence of the leakage
spin-dependent hopping via defect states. There are thremirrent on the gate voltage, as observed in polycrystalline Si
possible current paths which may involve defects in siliconTFT's.?’ This is not the case for our TFT’s. Consequently,
nitride films: (i) electron or hole hopping through the gate we can conclude that the dominant conduction path which
dielectric film (gate leakage current(ii) hole hopping via gives to the SDT signal is electron hopping via defect states
defects located at the interface between the gate insulator arad the backinterface between theSi:H film and passivation
a-Si:H films, and(iii) electron hopping via defects located at silicon nitride film. For negative gate voltages, the strong
the interface between tha-Si:H film and the passivation vertical field pushes electrons towards the backinterface
silicon nitride film. The first possibility is unlikely because thereby injecting electrons into the interface defects which
no stable leakage current that allow us to measure such act as hopping sites. The rapid increaseAef/ o with in-
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ened by enhanced microwave field in TFT's.

] kinks seen aff =100 and 30 K suggest changes of the trans-
> 60V | 1 port mechanism at these temperatures. Lustigl?® have
A 4aov| ] reported the temperature dependence of the drain current in
[ (b) a 30v| | a-Si TFT’s between 80 and 400 K, and found two distinct
10° NPT P SN transport mechanisms: conduction in extended states ob-
10° 10°% 10" 10° served above 260 K and variable range hopping conduction
1T (K™) in conduction-band tail states between 80 and 260 K. The
variable range hopping conduction is characterized by the
FIG. 9. Temperature dependence of the drain currerda-&f temperature dependence represented by Mott’s forthakm
TFT's for various gate voltagesfa) |, vs 100/T plots, (b)

log;eflogioll5™)} vs logi(T ™) plots. o=oeexp(—(To/T)"), Y

creasing negative gate bias may be explained by this injedvhereT, is a constant depending on the density of states at
tion. The occurrence of such a conduction at the back interthe Fermi energy and the electron localization length. The
face is possible because the passivation silicon nitride film igXponenn is equal to and for three- and two-dimensional
deposited at a relatively low temperatu230 °C with a  Systems, respectively. In general, it is difficult to determine
NH rich gas compositio{NH 3/SiH,=6) and, thus may the power of the temperature becauselpgvs T~" plots
have a high defect density. The microscopic mechanism ddive good linear fits to thg data for a relatively W|de_ range of
this conduction process is unclear at the present stage. Fu- Here, we use a different approach. In Fig(b)9
ther studies on transport at th@Si:H-SisN, interfaces  1001o{(10g10l ")} is plotted as a function of lgg(T~) for
would be necessary to clarify this point. However, it is clearvarious gate voltages. The slope of the data give the values
from above observation that the leakage currenaisi:H  of n. Three temperature regimes shown in Figy)@re char-
TFT’s at high electric fields is due to hopping conduction atacterized by values ofn as follows: (i) n=0.75 for
the back interface, confirming the fact that understanding an@50>T>100 K, (ii) n=0.25-0.3 for 106-T>30 K, and
careful control of electronic properties of interfaces haveliii) n = 0 for 30 K>T. Judging from these values of the
special importance for improving device performance. temperature regime where the variable range hopping domi-
nates electron conduction is between 100 and 30 K. Above
100 K, variable range hopping and thermally activated con-
duction in extended states seem to be coexisting, begause
takes a value between 0.25 and 1. Below 30 K, electron
Hopping conduction in the band-tail states has been obeonduction is dominated by hopping without phonon assis-
served inn-type andp-type a-Si:H, using SDT:*? The  tance.
field-effect transistor is considered an ideal system for inves- Applying spin-dependent transport to this problem, we
tigating band-tail conduction, because the Fermi-level posinote that SDC signals are observed below 100 K at relatively
tion can be readily varied over a wide range by changing théarge positive gate voltages. Figure 10 shows SDC spectra
gate bias. Using a transistor instead of doped materials, omaeasured at 30 K. The signal is an enhancing (the cur-
can explore shallow tail states located very close to the morent increases at the resonaneeth a g factor of 2.0040.
bility edge. In this section, the observations by SDT of elec-The g factor was independent of the microwave power, mea-
tron hopping at the SN ,/a-Si:H interface at low tempera- surement temperature, and gate voltage. The peak-to-peak
tures are described. width AH, increases slightly with increasing microwave
Figure 9a) shows the temperature dependence of thepower; however, it does not change with the measuring tem-
drain current of the-Si TFT for various gate voltages. Two perature and gate voltage. At large positive gate voltages, the

B. Electron transport in surface accumulation layer
at low temperatures
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Fermi energy at the:Si:H/SizN , interface must be moved film transistors. SDPC signals arising from less thaf 10
into the conduction-band tail states. Thus, it is reasonable tepins in a small transistor can be detected with an adequate
conclude that the enhancing SDC signal comes from spinsignal-to-noise ratio. Two different current limiting steps un-
dependent electron hopping at tail states. der illumination are detected by SDPC measurements. For
Figures 11a) and 11b) show the change in the drain |arge negative gate bias, the photoleakage current is deter-
current at resonanckl and the normalized signal amplitude, mined by bulk recombination in the-Si:H layer. With de-
Al/1, as a function of gate voltage for various measuremengreasing negative gate bias, the occurrence of a parasitic bi-
temperatures. The absolute changjé increases with in- polar effect causes recombination near the source junction to
creasingV or T while Al/l decreases with increasing; or  become a current limiting process.
T, suggesting that the spin-independent current component Spin-dependent hopping conduction via defects states lo-
increases more rapidly witiig or T than the spin-dependent cated at the back interface of TFT’s is identified by SDC
current does. This result can be understood by taking intgignals observed in the leakage current under large source-
account the increasing delocalization of electrons. When thdrain fields. Both Si dangling bonds and N dangling bonds
gate voltage increases, the Fermi level is moved close to thiecated at the backinterface seem to be involved in the hop-
mobility edge, resulting in an increase of excitation of local-ping process.
ized electrons to extended states. Also increasing tempera- Spin-dependent hopping of electrons in conduction-band
ture enhances delocalization of trapped electrons. In fact, thgil states is detected by a SDC measurement at low tempera-
observation of spin-dependent change in the drain currentires. The change with decreasing temperature of the domi-
was almost undetectable above 100 K. Since the conductiomant transport path from extended state conduction to vari-
by delocalized electrons is most likely spin independent beable range hopping conduction in tail states is confirmed.
cause of their short spin-lattice relaxation time, the spin-These results demonstrate that spin-dependent transport can
dependent current is buried under the spin-independent cube applied advantageously for a variety of problems concern-
rent. The above results are consistent with the temperatuiigig carrier transport in small devices.
dependence of the current indicated in Fig. 9. The increase of
conduction in extended states leads to a change of tempera-
ture dependence frofy =T~ Y4 to |5 T~3* above 100 K

and simultaneously decreases the spin-dependent resonance
signal. The authors would like to thank M. IshiHitachi Ltd.), N.

Reinacher, and D. LangTechnical University of Munich
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also like to acknowledge Dr. Mr. Nishihara, Dr. K. Miyau-
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