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Abstract. The current—voltage characteristics Afi/low-  (I-V) characteristics are found to be a strong function of tem-
doped nGaAs Schottky diodes were determined at vari- perature [1—7]. The ideality factor is found to increase with
ous temperatures in the range B1-300 K. The estimated decreasing temperature. This effect, known asTheeffect
zero-bias barrier height and the ideality factor assumingvas first reported by Padovani and Sumner [1] and is widely
thermionic emission (TE) show a temperature dependencgudied. The zero-bias barrier height as determined from the
of these parameters. While the ideality factor was found tdorward-biasl-V characteristics for the thermionic emission
show theTy effect, the zero-bias barrier height was founddecreases with decreasing temperature. The zero-bias barrier
to exhibit two different trends in the temperature ranges oheight appears to be lower than the barrier height obtained
77-160 Kand160-300 K. The variation in the flat-band bar- from the capacitance—voltag€<{V) measurements in the
rier height with temperature was found to b€4.7+0.2) x ~ temperature range used for the study. This implies that there
10* eVK~1, approximately equal to that of the energy bandis an excess current flow in the diodes than that predicted by
gap. The value of the Richardson constékit;, was found to  the thermionic emission theory. Explanations of the possible
be0.27 A cn 2K 2 after considering the temperature depen-origin of such anomalies have been proposed taking into ac-
dence of the barrier height. The estimated value of this corcount the interface state density distribution [8, 9], quantum-
stant suggested the possibility of an interfacial oxide betweemechanical tunnelling including the thermionic field emis-
the metal and the semiconductor. Investigations suggested teimn [2, 10—12] and more recently the lateral distribution of
possibility of a thermionic field-emission-dominated currentbarrier heightinhomogenities [5, 13—15]. We have studied the
transport with a higher characteristic energy than that preforward-biasl-V characteristics of &u/n-GaAs Schottky
dicted by the theory. The observed variation in the zero-biadiode in the low temperature range 87-300 K, with the
barrier height and the ideality factor could be explained indoping concentration of the @aAswell within the domain
terms of barrier height inhomogenities in the Schottky diode.of the TE theory and found some anomalies. Attempts were

made to examine the possible factors contributing to the ob-
PACS: 72.10.-d; 73.30.+y; 73.40.GK served anomalies based on the proposed theories.

The current transport across a Schottky junction is of interest Experimental

to materials physicists and device physicists. Schottky bar-

rier diodes (SBD) are widely studied and many attempts havghe Schottky diodes were fabricated on epitaxial undoped
been made to understand their behaviour. The knowledge @aAs film, grown on silicon-doped Ax 10¥cm=2) n*-

the conduction mechanism across the Schottky barrier is e&aAs substrates (100p° off-oriented towards the110)
sential in order to calculate the Schottky barrier parametergirection, using the metal organic chemical vapor deposition
and explain the observed effecps. Generally, the SBD paramiMOCVD) technique, by evaporating gold under vacuum.
eters are determined over a wide range of temperatures fThe back ohmic contact was made usitg—Ge eutectic
order to understand the nature of the barrier and the coRwith an overlayer of gold. The growth procedure used yields
duction mechanism. Although the thermionic emission (TE)n epitaxial film of n-type conductivity with an unintentional
theory is normally used to extract the SBD parameters, thergoping concentration of the order b8 cm—3 [16].

have been reports of certain anomalies at lower temperatures Room temperaturd—V characteristics of the diodes
deviating from the theory. The ideality factor and the barwere measured using an automated arrangement consist-
rier height determined from the forward-bias current-voltagéng of a Keithley source measure unit SMU236, a PC486
- and a probe station. Diodes amongst several diodes show-
*To whom all the correspondence should be addressed ing similar I-V characteristics at room temperature were
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mounted and bonded on TO-39 headers. Low-temper&ture  The ideality factor and the zero-bias barrier height, are
V characteristics were obtained in the temperature range glotted as a function of temperature in Fig. 2. The plot shows
77-300 K using the automated setup mentioned above anthat the ideality factor exhibits an increasing trend with de-
a cryostat. The temperature was withifi K during the data creasing temperature, the change being more pronounced be-
acquisition. low 150 K, whereas the zero-barrier height first increases with
The carrier concentration of the epitaxial layerb?  decreasing temperature u@60 K and then decreases. This
10°cm3, was determined using the reverse-bi@sV apparent decrease in the zero-bias barrier height b6&K
characteristics al. MHz on a HP4194A LCR bridge and is consistent with the observations made by others on dif-
was further confirmed by means of electrochemi€alv  ferent Schottky diodes [3—7]. They found that the zero-bias
characteristics. barrier height decreases with decreasing temperature. The
increase in the zero-bias barrier height with decreasing tem-
perature in thd60-300 K range is similar to the variation in
2 Method of analysis the barrier height measured I8~V measurements and has
o not been reported in the literature.
2.1 Forward |-V characteristics
. . 2.1.1 Flat-band barrier heightThe barrier height as obtained
The current density vs. voltagd+V) characteristics of the  fom the TE theory decreases with decreasing temperature.
Sphottky diode are plotteq as a fur]ctlon of temperature ifrne parrier height obtained from (1) is called the appar-
Fig. 1. The plot exhibits a linear portion over 3—4 decades ofn harrier height or the zero-bias barrier height. The barrier
magnitude of current density. The diode ideality factothe  pejght obtained under flat-band condition is called the flat-
saturation current densitys, and the barrier heigh, were  phang parrier height and is considered the real fundamental
measured by using the TE theory. According to the TE theory antity. Unlike the case of the zero-bias barrier height, the
the current transport across a Schottky diode is governed Ryfectric field in the semiconductor is zero under the flat-band

the relation [17] conditions. The flat-band barrier height is given by [18].
_ A*RxT2 _
J = A"Texp(—aay/KT) [exp(qV/nkT)] for V> 3kT/(2i) @l =ndp— (n—DKTIn (Nc/Np) , (3)
Js = AT exp(—qPp/KT) , (2) Wwheredy is the zero-bias barrier heightl is the density of
states in the conduction band, aNg is the doping concen-
whereA* is the Richardson constant fGaAs tration in the semiconductor.

The linear portion of thé—V characteristics was plotted The variation in@{) as a function of temperature is shown
on a semi-log plot to extract the Schottky diode parameterm Fig. 3. cDI) increases with decreasing temperature in the
viz. the ideality factorn, and the zero-bias barrier heighf. ~ 150-300 K range and, anomalously, decreases bel6@ K.
The value of A** =8 Acm 2K 2 was used to calculate the A linear fit is used to fit the points in the rangeX80-300 K

value of the zero-bias barrier height. in order to determine the slope and thaxis intercept, which
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1.10 — T T T T T In the case of our diode, wittNp = 2.5 x 10?1 m=3, m} =
- 1 0.067me ande; = 12.8, this value turns out to bE056 meV,
1.08 . 4 According to the theory TFE dominates only whiggy ~ kT
o O=1083ev and the value ofq calculated from (6) is less thaT by
1.06 k Slope =- (4.7 20.2)x 107 eVK a factor of six, even a7 K. The barrier-height lowering ac-
counting for the TFE and using the theoretically calculated
104 L value ofEqg is given by [23].
roz - Adree = (3/2%(Eo0)?V, 6)
= whereVy is the built-in potential.
=, 100 | For the Eqp value of1.056 meVand aVy of 0.91V this
e value is13.3 meV, which again cannot account for the ob-
0.98 |- served barrier-height lowering.
0.96 |-
2.1.3 Barrier-height inhomogeniti¥ore recently it has been
0.94 | proposed that the barrier height has a lateral Gaussian distri-
’ bution with a mean barrier height [5]. The reduction in the
] barrier height with temperature has been explained by the lat-
092 - . ] eral distribution of the barrier height. The assumption of the
n 1 L 1 " 1 N 1 1

0 50 700 750 200 750 300 Gaussian distribution of the barrier height yields the follow-

Fig. 3. The flat-band barrier height, calculated using (3), as a function ogng equation for the barrier helght.

temperature. Theontinuous linerepresents the best fit to the points in the 2

150-300 K range. The slope and the barrier height#t are shown in the @b = Ppmean— 05/ (2KT/Q) , (7)
figure

where®y, is the zero-bias barrier heighbymeanis the mean

barrier height, ands is the standard deviation of the barrier
give the value of @I)/dT and the value of barrier height at ab- distribution.
solute zero@f (0), respectively. The linear fit yields a slope, ~ The mean barrier height is the same as the barrier height
dof/dT equal to—(4.7+£0.2) x 1074eVK™! and an inter- measured by capacitance measurements. Capacitance meas-
cept,®f (0) equal tol.083 eV. The value of @ /dT is close  urements yield a barrier height which is essentially at zero
to the value obtained by assuming that the variation in thelectric field. Since the flat-band barrier height is also ob-
value of cD{) (0) is entirely due to the variation in the band tained at zero electric field, both the quantities are the
gap [3,19,20]. same [18]. Using this relation an@L: @Ppmean @ value

of o5 =53.3meV and @, = 1.012 eV were obtained. Using

2.1.2 Effect of image forcén order to understand the factors these values in (7), a continuous curve was generated as
influencing the lowering of the barrier height with decreasing? function of the operating temperature, which is plotted in
temperature, the effect of image-force lowering was first conf'9- 2- It can be observed from the figure that although the
sidered. The barrier lowering due to the image-force effect i§Urve obtained by using (7) agrees well with the values of

given by [21]. the zero-bias barrier height in tH&7-210K range, it de-
viates appreciably from the experimental points at higher
A®imi = [(0°Np/87%3) (@p— V — &y — kT/q)]1/4 @ temperatures.

Another approach to the lateral inhomogenities in the
Schottky barrier heights was proposed by Sullivan et al. [13]
and Tung [14]. They proposed that the Schottky barrier con-
sists of laterally inhomogenous patches of different barrier
heights. The patches with lower barrier height have a larger

of 0.45V in the present work. This value & @iy is much . . ; .
lower than the opbserved barrier height Ioweril%ldﬁ mey  deality factor and vice versa. Schmitsdorf et al. [15] found
a linear correlation between the zero-bias barrier height and

g;'gmz ]26::;]2?;\?\;;:%eol?lﬂgeb';?:g lr?;\ilgﬂp g alone cannot e ideality factors using Tung's theoretical approach. The ex-

The decrease in the barrier height and the increase in tHjgP0lation of the linear fit to the these data yields the homo-
ideality factor with a decrease in the operating temperaturgeneous barrier height at an ideality factor of 1.01. A similar

is indicative of a deviation from the pure thermionic emis—anﬁ![yi‘c’s'so(gszli\r/ggtﬁ]g ttr;llz %f;er?itelf ﬁéiesﬁtn}g?rg;gs' ‘Ili.nearl
sion theory and possibly the thermionic-field-emission (TFEjzg 9 y

where®, = kT/gIn(Nc/Np) andV is the applied bias.
The value of A®y; found by using (4) is13.8 meV at
77K for a @, of 0.89V and a typical forward bias voltage

mechanism warrants consideration. The parameter that d ith the ideality factors measured at temperatures below
termines the relative importance of the TE, TFE and fiel 00 K. The homogeneous barrier height determined from this

emission (FE) is given by [22]. analysis yields a value @97 eV.

— _ 15
Eoo = h/4m (No/mges) = 185 x 107 (No /myer) 1/2 eV 2.1.4 The ideality factor andy effect. The variation in the

ideality factor with temperature is shown in Fig. 2, and is
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Fig. 4. The variation of the zero-bias barrier height with temperature. The TEMPERATURE [K]
continuous curveés calculated using (7) witlp = 53.3 meV. The continu- Fig. 5. Plot showanT vs. T. The linear behaviour of the experimental values
ous curvematches well with the points in thé7—210 K range and shows is determined by (8). The value of the slope and Theare shown in the
considerable deviation at higher temperatures figure

called theT effect [1]. The ideality factor of the diodes show- 2.1.6 Effect of thermionic field emissiorhe ideality factor is

ing this behaviour varies with temperature as further analyzed by considering the variation in the ideality
factorn caused by a tunnelling current. The relation for the
n=1+Ty/T, (8) variation in the ideality factor is given by [22].
whereT, is a constant. N = qEgo/KT coth(qEgo/KT) , (10a)
This implies that a plot oh T vs. T is a straight line with  n=qEq/kT, (10b)

a slope of unity and the intercejp$ at the ordinate. Figure 5 \yhere
shows such a plot with the slope equal to 1.002, which is-
close to unity as predicted by the empirical relation and the ® — Eoo Coth(qBoo/KT) . (10c)

intercepflo=17.1+1.2K. The value oﬂ'o can vary between Figure 6 shows a plot oEg vs. kT/g. The intercept on the
10-100K for diodes on the same slice @aAs[2]. The £ "axis of such a plot yields the value & for the Schot-
_To effect cou_ld be d_ue to generation recombination currenltky diode under study. It can be seen from the figure that
in the depletion region or due to the TFE. TBeV char-  he experimental points are linear with temperature up to the
acteristics of the diode under study at different frequenciegt yalue corresponding to the temperaturedafk. A care-
in the range ofl kHz-1 MHz were independent of the fre- f| examination of the plot reveals a slight curvature near
quency within this range. This indicates that the diode doe$7 k. This can be confirmed only by determining the ideal-
not contain a measurable amount of deep levels within thRy tactors from thel-V characteristics recorded below this
space-charge region and therefore the influence of the minogamperature. Since our experimental setup is limited to an op-
ity carriers on current transport can be neglected [24,25].  grating temperature af7 K, this could not be confirmed. If it

is assumed that the curvature né@K is indeed present, then

it reveals a higher characteristic energy, which cannot be ex-
2.1.5 Effect of image forc@.he possibility of the image-force plained by the above theories. In order to confirm the higher
lowering influencing the observed variation of the idealityvalue of the characteristic energy, another method was used
factor was checked using the relation [21]. which requires plotting of the theoretically determined values
of n vs. temperature on a/th vs. 1000°T plot [26]. The fol-
lowing relation was used to generate such theoretical plots
with Eqg as the parameter.

1/n=kT/q[Eo/ (1—-B)], 11
This equation yields a value of 1.011 at a typical bias value of/ /alEo/ 2 (1)

0.45Vat300 Kand a value of 1.008 at a temperatur@d.  whereg indicates the bias dependence of the barrier height.
This shows that the image-force lowering cannot account for ~ Since the values of/h are sensitive to changes near unity
the observed variation in the ideality factor. such a plot provides a good check to determine whether the

[int] = 1 1/4 (0°No /87 %3)

X (Pp—V — P —kT/q) ¥4 . 9)
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Fig. 6. Plot of Eg vs. T using (10c) assuming TFE. The slight curvature Fi9: 7. Plot showing In vs. YT curves golid lineg with Eqo as the pa-

near92 K indicates the possibility of a higher characteristic energy than isr@meter ranging fron2—20 meVin steps of2 meV generated using (11) and
predicted by the theory and estimated using (5) B =0. Theexperimental pointsre also superimposed on the theoretically

generated plot. Theotted lineshown on the plot representscarve with
the value ofEgg= 6.5 meVand g = 0.032
dominating mechanism is TE or TFE. The experimentally
determined values of the ideality factor are superimposed
on such a plot to determine the values Bfy and g ap-
proximately. Figure 7 shows such a plot. It can be observed
that the experimental points match closely to the curve witt
Eoo = 6.5 meVandg = 0.032. Therefore, the diode under test 20 |
certainly exhibits high characteristic energies not expected fc
the doping concentration range used in GaAsfilm, imply-
ing a conduction mechanism dominated by TFE.

40

2.1.7 Influence of barrier height inhomogenitising the po-
tential fluctuations model [5], the ideality factor is given by

the relation 60 | 1
1/n=1—y+0q¢/KT. (12) «
Using the experimentally determined valuesadt different 2 80 - 7

temperatures and the valuesgfobtained from (7), the values
of y = 0.006 and; = 0.0236 were obtained. The experimen-
tally determined values and the continuous curve representir ;o L
a fit to these values using the parameters obtained by usir
(12) are shown in Fig. 2.

2.1.8 Richardson constarithe Richardson constant is usu- -120
ally determined from the intercept of(s/T?) vs. 1000T LNy
plot. Figure 8a shows the plot obtained by the usual methoc 2 4 6 8 10 12
This plot yields a Richardson constant @B2 A cm 2K 2
and a®y, of 0.85 eV. The value of the Richardson constant is
about one order magnitude lower compared to the theoreticaig. 8. The activation energy plots of (a) (ds/T?) vs. 1000T and (b)
value of3 Acm 2K 2 [27]. A careful observation of the ex- In(qs/T;) Ivs. 1hOOOnT. The values using n(:s)o lSQhO'\II'Vh devi?tion fr]?/::*lin-
perimental points shows that the points up (o a temperatuf Doy e sheraing emperau 160K, The vses ofn
of 160 K exhibit a better linearity. A best fit to the points in ¢, — 0.94 ev using a linear fit to the values in tHE60-300 K range and
the 160-300 K range yields arA** value 0f43.2 Acm2K=2  A* =647 Acm 2K2, &, = 1.02 eV, respectively

1000/T [K)
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and a®y, value of 0.94 eV. For the case in which the ide- J-V characteristics, in th&50-300 K range, is similar. The
ality factor is a strong function of the temperature, a modislope of the flat-band barrier height vs. temperature corre-
fied Richardson plot has been proposed which uses a plot &ites well with earlier reports of the variation in the barrier
In(Js/T?) vs. I/n(T)T [3]. Figure 8b also shows such a plot height assuming that it is entirely dependent on the energy
of In(Js/T?) vs. In(T)T. The values ofA** and the bar- band gap alone. The possibility of an inhomogeneous bar-
rier height determined from this plot ad.7 Acm—2K—2and rier distribution correlates well for the values of the zero-bias
1.02 eV, respectively. The values determined from the usuabarrier height below210K but shows considerable devia-
method in the temperature rangeldf0-300 K and by using tion at higher temperatures (Fig. 2). It can also be observed
the modified Richardson plot are much higher than the the(Fig. 2) that the increase in the ideality factor with decreas-
oretical value of3 Acm~2K~2. The higher values have been ing temperature is more pronounced belbs0 K. The usual
explained in terms of the variation of the barrier height withRichardson plot, assuming the transport to be dominated by
temperature [27—-29]. In such a case the zero-axis intercept 3k, yields a valuet3.2 Acm~2K~2, which is in the range of

the Richardson plot yields values obtained by other workers [1, 28] only if the tempera-
ture range ofl60-300 K is used. Although the characteristic
sbserve= A exp[—a/k (dcb{)/dT)] (13)  energyEqo, calculated using (5) for the present case turns out

to be much lower, the plot dEq vs. T and the comparison of
and the slope gives the barrier height. Hence the valugof the experimental values of the ideality factor with the theor-
obtained from the Richardson plot needs to be corrected tetically estimated values using (11) indicate the possibility of
obtain the actual value o&**. The corrected value o&A** is  a high characteristic energy. All these results indicate the pos-
related to the observed value of the Richardson constant kybility of the onset of TFE-dominated current bel@60 K.

the relation The possible origin of such high characteristic energies
implies that the conduction mechanism is dominated by TFE
o rected™ AibserveXP[a/K (df/dT)] (14)  atlow temperatures instead of TE. The origin of high charac-
teristic energies was not predicted by the simple theory, but

whered] is the flat-band barrier height. has been related to several effects. The paramEggiis re-

The A ecteq@S determined from the observed value ob-ated to the transmission probability of the carrier through
tained from the modified Richardson ploG27 Acni?K=2.  the barrier. It is affected by the electric field at the semicon-
The lower value of this constant can be explained by the prestuctor surface and the density of states at the semiconductor
ence of an interfacial layer between the semiconductor ansurface. Any mechanism such as the geometrical inhomo-
the metal [30]. The process of Schottky diode fabrication congeneities arising due to crystal defects, the surface roughness
sisted of etching the oxide on the semiconductor surface bgnd the device periphery, local pile up of dopants, the pres-
HCI prior to the Schottky metal deposition. But it is pos- ence of a relatively thick insulator interfacial layer with low
sible that an oxide layer could have formed during the timealielectric constant, and the charge in the interfacial layer
of loading the samples into the metallization chamber. Theould possibly increase the electric field near the semicon-
Richardson constant in the presence of such an interfaciductor surface [6]. Multistep tunnelling through the interface

layer is given by the relation [30] states also yield high characteristic apparent energies [12]. In
our case the value of the Richardson constant obtained after
oxide = A exp(—0.26xo'58) , (15) correction can be justified by considering an interfacial oxide

layer of 30A. Although the presence of an oxide layer could
wherey is the mean barrier height of the oxide—semiconductonot be confirmed in the present study, this approach does of-
interface ineV, § is the thickness of the interfacial layer in A. fer a plausible explanation for the electric field enhancement

A value of 0.08eV for the mean barrier height has and the possible origin of high characteristic energies. Sul-

been used to explain the observed behaviour in the casigan et al. [13] and Tung [14] have explained the observed
of MIS structures onGaAs [11]. But values in the range effects on the barrier height and the ideality factor by con-
of 0.08-0.14eV have been used for different interfacial sidering lateral inhomogenities in the Schottky barrier height.
layer thickness to calculate the value Af,. [27]. Our  Their approach assumes an unchanging Richardson constant
value of 0.27 Acm?K~2 indicates an interfacial layer of and attributes the experimental observations to the lateral in-
30A between the metal and the semiconductor and a valugomogenity only. It is very likely that this could be the reason
of 0.095eV for the mean barrier height of the oxide— for the observed anomalies since the formation of metal—
semiconductor interface. semiconductor interfaces involves some form of defects and

result in an inhomogenous Schottky barrier height.

3 Discussion

4 Conclusions
The variation of the zero-bias barrier height with tempera-
ture exhibits two different trends in the temperature rangeforward-biad—V characteristics of @u/n-GaAs Schottky
of 77-150 K and 150-300 K. The decreasing barrier height diode were measured in the temperature rangé/e800 K.
with decreasing temperature has been reported for varioudthough the doping concentration of theGeaAs epi-layer
Schottky diodes [3—7]. The variation in the zero-bias barriewas well within the domain of the TE as predicted by the
height in the rangd60-300 K is similar to the variation in  theory, anomalies were observed with respect to the ideality
the barrier height determined I8~V measurements. The be- factor and the zero-bias barrier height as a function of operat-
haviour of the flat-band barrier height, calculated from thang temperature. The observations cannot be explained from



the viewpoint of pure TE theory alone and were attributed 6.
to the possibility of TFE-dominated current transport. This 7
possibility was further supported by the observed high char- &
acteristic energy in the current transport. The flat-band barrie
height, which is the real fundamental quantity, was found to1.
decrease with the increase in the operating temperature in the
range of150-300 K. This dependence of the flat-band barrier 12-
height follows that of the energy band gap, where it decrease 3
with increasing temperature. The values of the barrier height ™

determined by different methods are almost consistent. Thea.

value of the Richardson constant after applying the approprid5.
ate corrections was found to 927 Acm?K~2. The lower
value of the Richardson constant can be explained in terms o
the possible presence of an interfacial oxide laye3@A be-
tween the metal and the semiconductor. The interfacial oxide
could also be the possible reason for an enhancement in the.
electric field at the surface of the semiconductor leading to
the observed high characteristic energies and current transy’
port dominated by thermionic field emission. 21.
22.
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