RESEARCH Revista Mexicana désica61 (2015) 281-286 JULY-AUGUST 2015

Simple algebraic method to study the effects of hydrostatic pressure on the
fundamental parameters of a Schottky barrier of metalh-GaAs
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The effects of hydrostatic pressure on the fundamental parameters of a Schottky barrier diode nf@sAal/are studied using a simple
algebraic method. The method relies on the dependence of the parameters of the semiconductor (effective mass, dielectric constant an
band gap) with the hydrostatic pressure. We obtain simple expressions for the Schottky Barrier Height, Background Density and Differential
Capacity that account of the hydrostatic pressure readily. In particular, the Schottky Barrier Height expression agrees qualitatively with
the experimental results available. The Differential Capacity expression depends directly on the effective mass, opening the possibility of
determined the effective mass through capacitance measurements. Due to its simplicity the algebraic method could be useful in the design ¢
devices that exploit hydrostatic pressure effects.
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1. Introduction ical applications based on Schottky barriers. Among these
theories, one that has been widely used is the thermionic

The investigation of metal-semiconductor (MS) contacts €MiSsion theory [16]. In this theory, the Fermi-level pinning
commonly known as Schottky barrier diodes (SBDs), is 4S of paramount importance, since it determines the Schottky
very important topic from both theoretical and practical re-Barrier Height (SBH). Different models for the Fermi-level
search. Metal semiconductors structures are important tool¥NNing have been proposed, among the most popular ones,
used for the characterization of new semiconductors and th&€ can find the metal-induced gap states (MIGS) [17-19] and

fabrication of these structures plays a crucial role in the conthe defect model [20-22].

struction of useful technological devices [1-10]. In addi-  \wjithin this context, the Schottky barrier under hydro-
tion to that, Schottky contacts on group Ill-V semiconduc-g;atic pressure (HP) is not the exception. Even more, if
tors have been widely applied in high speed electronic angye consider the relevance of pressure effects as a mecha-
optoelectronic devices such as diodes, field-effect transistorgism to modulate the optoelectronic and transport proper-
high electronic mobility transistors, solar cells, etc. [11-14]. ties of micro-mechanical devices, as well as a natural condi-
Because of the technological importance of SBDs a fulltion for devices working in extreme environments, see for in-
understanding of the nature of the electrical characteristic istance [23-26]. So, different models have been implemented
of great interest [15]. However, despite of years of extenin order to explain the observed variations of the SBH with
sive research and widespread use of Schottky contacts in déie hydrostatic pressure [27-43]. Despite the particularities
vice technology, the fundamental mechanism responsible fahat we can find in these reports, in general, under pressure,
the formation of the Schottky barrier is still not fully under- both the semiconductor and the MS interface are affected. In
stood [15]. The complexity of SBDs comes from the depen-particular, it is reported that the rectifying properties of SBDs
dence of the Schottky barrier on the atomic structure of thare improved under hydrostatic pressure. Besides, a linear
MS interface. Due to the particularities of each MS inter-increase of the SBH with the HP is observed. An important
face the lack of general expressions, based on a quanturparameter that helps to discern if the changes in the semicon-
mechanical description, of the Schottky barrier parameters iductor or in the semiconductor and MS interface are impor-
still present [15]. Within this context, simple theories thattant in the determination of the SBH is the ideality factor [16].
provide information of the Schottky barrier parameters areThe ideality factor is a parameter that accounts how perfect
still valuable and could be useful in the design of technolog-or ideal a junction is, or equivalently how much a SBD de-
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viates from the ideal behavior (Diode Law) due to interfacialwhere the pressure and temperature dependent effective mass

inhomogeneities. In particular, if the ideality factor is muchis given by [49,50],

greater than 1, then the changes in the MS interface become

important. Specifically interface states, series resistance and m* (P, T) = {1 2 x 7510

a interfacial layer can come into play. To this respect, it has ' Egap(P,T)

been shown that the increase of the SBH and the improve-

ment of the rectifying properties of SBDs obey a decrease

in the interface state density. Last but not least to mention,

it is that irrespective if the changes in the MS interface arg,

important or not, the SBH variation comes from the changes

suffered by the effective band gap of the system, since at th

end the Fermi level pinning is what determines the SBH.
Here, we show that using a simple algebraic method it _ 2

is possible to obtain readily the Schottky barrier parameters Eqap(P.T) = By + BP + T/ (T +204), @

as a function of the hydrostatic pressure for met&aAs.  \ynere in thel’ point E, (P) = 1519 meV, 3 = 10.7

The algebraic method is based on the assumption that practisev/kpar anda = —0.5405 meV/K. The pressure-
cally all relevant parameters of the semiconductor vary Withtemperature dependent dielectric constant comes as [49]

HP. Specifically, the variation of the band-gap and the dielec-

tric constant with pressure have a direct impact on the ef- £, (P,T) = gqerTHozP, (5)
fective Bohr radius and effective Rydberg. We determined

algebraically the SBH, screening distance, background imn Eq. (5) forT < 200 K (T> 200 K) we use the following
purity density, potential profile and Differential Capacitanceparameters, = 12.65 (=12.29),a; = 9.4 x 1075 K~}

of metalh-GaAs for different values of the hydrostatic pres- (= 20.4 x 1075 K1) anday = —1.67 x 1073 kbar!

sure and temperature. In the case of the SBH and the inverge: —1.73 x 10~3 kbar1).

square of the Differential Capacitance we have found an in-  From Egs. (3) and (5) we can notice that as the hydro-
creasing and decreasing behaviour with respect to HP, whicatic pressure increases the effective mass and the dielectric
agrees quite well from a qualitative stand point as compareg@onstant increases and decreases, respectively. Likewise, we
to the experimental data available. Additionally, the algebraican see that the Bohr radius and the effective Rydberg re-
formalism provides a direct relation between the Diﬁerentia'duces and increases as the pressure increases. Takmg into
Capacitance and the effective mass for met@aAs under  account these modifications, we proceed by writing the ex-
pressure, opening the possibility to determine the effectivgyression for the height of the Schottky diode in atomic units

7510 !

3
Egap (P, T)+341} 1o, )
eremy is the free electron mass amfy,,(P,T') is the
ressure-temperature dependent gap for GaAs dt fmnt
Ih units of meV, this parameter is given by [49],

mass through Capacitance measurements. as a function of the pressure for the special case of a metal/
GaAs system. By supposing that we are in the low pressure

2. Theory and Results limit (P< 6 kbar), the SBH can be written as,

2.1. Schottky Barrier Height e® (P, T) = e® Ry (P, T), (6)

As we already mentioned, there are different models to deakheree® (P, T) is the height of the barriers as a function
with hydrostatic pressure effects on SBDs. Here, we considesf the hydrostatic pressur and temperaturé’, e®* is the

a quite different approach. The basic idea of the analysis iseight of the barrier without pressure effects ang(P, T)

to suppose that all the parameters of the systems can be writs the pressure-temperature dependent effective Rydberg.
ten in effective atomic units [44,45]: effective Bohr radius Thereforee® (P, T) can be written in effective atomic units
and effective Rydberg. Moreover, as the hydrostatic pressuras

modifies the interatomic distance of crystals [46,47], param- e® (P.T) = ed" R, m* (P,T) 7
eters such as the energy band-gap, the dielectric constant and ’ Ye2(PT)’

the effective mass change as well [48]. Then, as the effectivgere R, is the effective Rydberg without pressure. Let us

units depend on these parameters, the effects of the hydrgg,y gefine the relative theoretical Schottky barrier as follows
static pressure can be incorporated via the effective atomic

units. Explicitly, we can write the effective Bohr radius as, o (P, T
9 ed (P =0,T)
a ) = e D T 90 .
’ m* (P, T)e? after some straightforward algebe@°(P, T') can be ex-
and the effective Rydberg as pressed in the following way
* 2
% e? CI)theO PT :m (P7T)ET(P:OvT)
R, (P,T) = ) el (P T) e2(P,T)m* (P =0,T) ©

2e, (P, T)a (P, T)’
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& edi: Experimental values at T=300K| | between experimental and theoretical model is under 7 per-
1125 —ed}/* Theoretical values at T= 0 K ] i
e Thometioal vl A T= 77 K ] cent for pressures in the rangebkbar< P <6 kbar. We
- -ed/lev Theoretical values at T= 300 K 1 can also see that the SBH decreases as the temperature de-
LI O 7 creases as well, as claimed by Mangal and Baneriji [13]. So,
3 ] despite the simplicity of our model we can see that it agrees
L1075 o - qualitatively with the experimental results, and quantitatively
o //,; in a specific range of pressures.
105 o //,/ g
I == ] 2.2. Potential profile
1.025F o g R
_ & ] In this section we will analyze the SBD when in addition
}%'f 1 ( to the pressure, there is also a contact volt&ge If we
P (kbar) ) ’ apply a difference of potential of 500 meV in the metal-

semiconductor contact, we can study the profile of the po-

FIGURE 1. (Color online) Evolution of the relative SBH in Au/n- . . . s
GaAs as a function of hydrostatic pressure. The curves from top totent'al' the penetration distance of the electric field (Debye

bottom correspond to the relative experimental SBH for3U8 K, distance) and the background density. Here it is important
the relative theoretical SBH when B80 K, the relative theoretical O mentlo.n.that we are CO”?'de”ng a poten'tlal Qf 500 meV,
SBH for T=77 K and the relative theoretical SBH for Tx. because it is a typical value in Schottky barriers in GaAs. In-

deed, in principle, we can apply any potential, however if the
Substituting the effective mass Eq. ( 3) and dielectric conpotential is too high the one band model that we are using
stant Egq. (5) and by using Taylor series expansion up tds not longer appropriate. Besides, Schottky Barrier Diodes
fourth order in the pressure, we obtain for= 0 K, come with a low-dimensional system, such as for example a
guantum well, so if the potential is too high the quantum well

h -2 —4 p2
e®rer°(P) =1+0.95 x 107*P +0.232 x 107*P system will be totally depleted and consequently its charac-

+034x10°7P3 40 (P4) (10) teristics will be inconsequential for the device. Therefore, as
' a general criterion we can say that the potential can not sur-
and forT = 300 K, pass the bandgap of the hots material, in our case the bandgap
) ) . of GaAs, which is approximately equal to 1400 meV.
e®rgr®(P) =140.999 x 1072P + 6.4 x 107*P The model for describing the metatGaAs profile po-
+0.363 x 1077P% + 6 (). (11) tentialis[16],
2

These two last expressions are the ones we are going to use to V(z) = 2ne Ng(z — L)2 , (15)
compare the relative experimental height of the Schottky bar- Er

rier. The experimental expression for the SBH as a fU”Ctior\‘NhereNd is the background impurity density, is the elec-

of the hydrostatic pressure for AuGaAs is [41], tric permittivity constant of GaAs and is the screening dis-

DS (P) = edP (P = 0) + aP + BP2 4 4P, (12) tance of the electric field given by

In this equation we have considered T = 300 K, so I — /LVC7 (16)
a = 11.21 meV/kbar, 3 = -—0.345 meV/kba? and 2me2 Ny

T= 0.25 meV/k_baF. In o_rder to compare with Eq. (11), we hereV. is the contact voltage. Following the spirit of this
define the relative experimental height of the Schottky d'OdEf)aper, when we apply the hydrostatic pressure all the physi-

as, cal parameters of the system change, therefore the potential
dexp (P rofile would have the following form
e®P (P) = Z}W‘I’((O))’ (13) ’ ?
2me? 2
— ; - V(z,P)= Ny (P P)—L(P))". 17
thus, by substituting Eq. (12) into Eq. (13), we obtain (2, P) e (P) a(P)(2(P) (P) (17)
e® P (P) =1+ 1.40 x 1072P — 43 x 105 P? Writing the potential profile, the Debye distance and back-
43195 x 10-4P% + 8 (P4) ’ (14) ground distance in atomic units we get
Figure 1 shows the results d@°(P) for T = 0 K, V(z,P)=V"R, (P), (18)
T =77 KandT = 300 K and the result ofe® " (P) for L(P) = L*a;(P), (19)
T = 300 K. Some relevant aspects that should be pointed
out are the following: ®1¢°(P) and®;.* (P) have the same Ny (P) = N} 31 . (20)
behavior for pressures belowkbar, whereas the difference ag® (P)
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FIGURE 2. (Color online) (Left to right) Screening distance of the g 3 1 15 20
' 9 9 P (kbar)

electric field and (Right to left) background impurity density as a ) ) o

function ot the applied hydrostatic pressure for two different values FIGURE 4. (Color online) Reverse bias g characteristics for the

of the temperature. Solid-black (dashed-red) curve corresponds té"etal/n-GaAs Schottky barrier diode as a function of hydrostatic

T=0 K ( T= 300 K). pressure in the range 6f— 20 kbar for T=0 K (solid-black) and
T=300 K (dashed-red).

600 T— P=0 kbar 90
\ —- P=S5kbar d
.= P= : C=—— 21
[ b= 10 Kbar 5ed @)
| with Q4 = —eNy4L the charge of the donors in the depletion
§400 R zone, N, the impurity background density, the width of
2 1 the depletion layer and in this case also the penetration dis-
= 300 = tance of the electric field inside the semiconductor, afd
N . . .
s the height of the Schottky barrier. Thus we can write
200 .
oL
- C = —eNgor, (22)
100 R ded
2y T or oL (P)
La i 7 % o A S Yo L
% 50 700 50 200 250 C(P)=—eNq(P) 96 (P)’ (23)
z (Angstrom)
Inserting Egs. (6), (19) and (20) in this expression one gets
FIGURE 3. (Color online) Potential profile for metal- g Eas. (6). (19) (20) P 9
semiconductor in GaAs for four different values of hydrostatic C(P) — —eN* oL* 1 24
pressure. The solid-black, dashed-red, dashed-dotted-blue and (P)=—e 4 Ded* R, (P)ai? (P)’ (24)
dotted-green curves correspond to pressures of 0, 5, 10 and 20 kbar,
respectively. in this equation the term
From these expressions we can readily see that the back- —e N;%, (25)
e *

ground density increases linearly with pressure and the

screening distance decreases when the hydrostatic pressisendependent of pressure effects. To analyze Eq. (24) let us
is applied, see Fig. 2. In Fig. 3 we can see a crossovetdlefine the relative differential capacitance

in V(z, P) about 1004, specifically we can notice that for

values below 106 the potential increases as the pressure in- Cral = @, (26)

creases as well, while for values above ¥ehe potential ¢ (0)

diminishes as the pressure rises. and using the expressions f&, (P) andaj (P), Egs. (1)
and (2), the relative differential capacitance is going to have

2.3. Analytical Differential Capacity the following form

Other of the principal characteristics of the metal- Crut = m* (P ). 27)

semiconductor system is the Differential Capacitance. As we m* (0)

have_ shown through this paper when hydr_ostatlc pressure ﬁsually the differential capacitance is reported experimen-
applied to the system the parameters of it change. Wlthll?a”y asC2.. Thus. we have
rel ’

this context, the Differential Capacitance is not the exception,
since it depends on the mentioned parameters. The Differen- *2(P)

2 m
tial Capacitance can be defined as [16] Crel = 2 (0) (28)
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From this expression we obtain the results shown intial capacitance. Despite the simplicity of the method, the re-
Fig. 4, for different temperatures. We can see tﬁgf has sults agree qualitatively, and in some range of pressures quan-
a downward and linear adjustment. This almost linear betitatively, with the experimental data available. Additionally,
haviour give us a valuable tool because it allows to measur# provides an expression for the differential capacitance, that
the variation of the effective mass as a function of pressuredepends directly of the effective mass, opening the possibil-
Another observation to emphasize is the fact that Eq. (28) ity of know the effective mass through capacitance measure-
independent of the applied potentidl, as was shown by G. ments. Due to its simplicity the algebraic method could pro-
Cankaya for Cg/-GaTe [31]. vide useful information for the design of devices that work

under extreme conditions of pressure and temperature such

3. Conclusions as high power laser diodes.

Insummary, we have implemented a simple algebraic methog,cknowledgments

to study the variation of the fundamental parameters of SBDs

when hydrostatic pressure is applied. This method allows u®.0. acknowledges the financial support of PROMEP
to obtain simple expressions for the SBH, screening distancéhrough grant NPTC-2013.

background impurity density, potential profile and differen-
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