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Hole Schottky barrier height enhancement and its application to
metal-semiconductor—metal photodetectors
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Hole Schottky barrier heights on GaAs have been studied experimentally by using a conventional
metal—semiconductor—metal photodeted@#SMPD) structure. The Schottky barrier height for
holes was obtained directly by the hole-current dominated dark current measurement of the
MSMPD. With a thin, highly doped surface layer, control of the Schottky barrier heights for holes
from 0.48 to 0.79 eV was obtained. By using these engineered Schottky contacts in the MSMPDs,
over three orders of magnitude reduction in the dark currents of the MSMPDs was achieved.
© 2001 American Institute of Physic§DOI: 10.1063/1.1415060

I. INTRODUCTION the hole Schottky barrier height once the electron Schottky
) ) ) ) barrier height is known. This is why there is no need to study
Itis well known that the Schottky barrier height in many yhe hole Schottky barrier height directly. However, for the
semiconductors is relatively insensitive to the metal used bes,qgified Schottky diode with a thin, highly doped layer, the
cause of the pinning of the Fermi surface level. This is Parsquality may not be correct anymore. In the following, the
ticularly true for GaAs.™® The Schottky barrier height is an oacon is explained by an example of afype Schottk'y
important parameter for many devices, such as field-effeCjoge with a thinp* layer between the metal and the semi-
transistors  (FET), high-mobility  electron  transistors - .,nqyctor. Assuming that the doping concentrations of the
(HEMT), and metal-semiconductor—metal photodetector§]_type semiconductor and the thir layer areNp andN, ,
(MSMPDs. Adjusting the barrier height to a desirable value respectively, and is the thickness of thp™ layer, according
can lead to the improvement of device performance. AMong, the depletion model, the enhancement of the electron
various methods to control the Schottky barrier heights, Schottky barrier heightﬁ(,q') ) is
using a thin, highly doped interfacial layer is most effective o
and has been used for a long time. In 1974, Shannon showed dNa .,
that the Schottky barrier heights for electrons and for holes Adpn= 2 d”, 2
on silicon could be controlled by ion-implanted lay&rSol-
lowing that work, the method was applied to other semiconwhereq is the unit electron charge, ard is the dielectric
ductors, e.g., GaA%® InP? and InGaAs! A thin surface  constant of the semiconductt?.On the other hand, the re-
epilayer has also been used to modify the Schottky barriefluction of the hole Schottky barrier height consists of two
heights. However, most of these investigations have beefajor contributions. The first, indicated By, is caused
focused on the Schottky barrier height for electrons, ) by image force lowering due to an enhanced electric field at
only, and the studies of Schottky barrier height for holesthe interface. It can be estimated by the formula bélow
(¢pp) are relatively few. Among the reported results on hole Nod
Schottky barrier heights, the modification was achieved by Ady, 121 AT 3
introducing an additional layefe.g., metal, semiconductor, e VAm

or insulato}.™" The modified hole Schottky barrier heights The other one is the enhancement of the tunneling current of

. ‘. )
were measured by usingtype GaAs on g -GaAs sub holes. By the calculation of Shannon in 197#he amount of

strate. Results showed that the barrier heights can be €O duction will be significant if the electric field at the inter-
trolled in the range of 0.4—0.9 eV and the sums of the elec; g 2

) . face is larger than about 30//cm, i.e., Nod>10" cm 2.
tron and hole Schottky barrier heights are equal to or Ies%‘he quantity of the reduction of the hole Schottky barrier
than the GaAs band-gap energy.

. e . height contributed from the tunneling current depends on the
In a conventional, unmodified Schottky diode, the sum , . o
: . . hole’s effective mass and the surface electric field, etc., so
of the electron and the hole Schottky barrier heights is equatlh lity i bviouslv fail | th
to the energy gap of the semiconductdihat is € equa ity in Eq(1) obviously fails. In general, t. € sum-
' mation of the electron and the hole Schottky barrier heights
ébnt Ppp=Eg. (1) is larger than the energy gap of the semiconductor. That is

) ) ) _why the direct measurement of hole Schottky barrier height
This relation has been proven by experiments on many kindg necessary in these modified Schottky diodes.

. 12 : H . . .

of semiconductors:* From Eq.(1) one can easily determine In the present article, we investigated the hole Schottky
barrier height on GaAs by using a conventional metal—

3Electronic mail: cplee@cc.nctu.edu.tw semiconductor—-metalMSM) photodetector structure. The
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FIG. 1. A schematic diagram of the layer structures of samplegNy,
=5x10" cm™3), N, (Np=1x10"® cm 3), N; (Np=2x10" cm3), « P layer
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structure consists of two back-to-back Schottky diodes. Ig-
noring the two-dimensional and the image force lowering

effects, under the flatband condition, i.e., the semiconductor
between two metal contacts totally depleted, the total current
J; through the structure can be describe approximately by the
simple relation:

3=+ Jp= A5 T2 90on KT AX T2~ Adup/KT, (4)

grown structure as in Fig.1

‘N

whereJ,(Jp) is the electrorihole) current injecting from the
cathodeg(anode, andA} (A;) is the Richardson’s constant of rig. 2. A schematic diagram of the three kinds of devices: T, B, and A.
the electronthole).*® For GaAs, the Richardson’s constant of

electrons is about an order smaller than that of the hblesphotodetector. Besides, because the characteristics of
Therefore the hole current, will be dominant if ¢y, is  Schottky contacts are very sensitive to the process proce-
equal or less thawby,,. In this case the hole Schottky barrier dures, a sample with the structure of a conventional Schottky
height ¢,, can be obtained from the dark current measurediode was grown ori100) n*-GaAs substrate. This sample
ment of the MSM photodetector. In addition, we also studiedserved to monitor the process conditions of other samples.
the modified Schottky contacts containing a thin, highly  All five samples were processed together. The process
doped GaAs layer by the same structure. For a 15 nm, 2vas basically the same as that of the conventional MSMPDs,
% 10'® cm™ 3 Si-doped layer, a reduction of over three ordersj.e., it was composed of three main steps: finger metalliza-
of magnitude for the dark current for the MSM photodetectortion, dielectric passivation and isolation, and pad formation.

was achieved. Three different devices were fabricated on each sample.
They consist of conventional MSMPDs with both electrodes
Il. EXPERIMENT on the top layer, MSMPDs with one electrode on the top

layer and the other on the absorption layer, i.e., the surface
on which the top layer was etched off, and MSMPDs with
The samples used for this study were grown by molecuboth electrodes on the absorption layer. In this study they are
lar beam epitaxy using a Varian GEN |l system. The sample&alled T (top), A (asymmetry, and B (bottom devices, re-
structure is schematically shown in Fig. 1. The structure conspectively. A schematic of the three devices is shown in Fig.
sists of, starting from th€100 semi-insulating GaAs sub- 2. The Schottky metal used was Ti/Pt/Au, with a thickness of
strate and the GaAs buffer layer, a 200 nmy AGa gsAs 30 nm/30 nm/100 nm. Before the top metal deposition, the
layer, a 1um GaAs layer, and a 15 nm GaAs layer. All layers samples were treated with an UV/ozone stripper, and then
except the top 15 nm of GaAs were undoped. Five samplegipped in HCI/HO (1:1) for 30 s to remove surface contami-
(N4, N,, N3, P, and U with the same structure were grown to nants and native oxide. After both finger electrodes were
study the doping effect of the top layer. Samplgs N,, and  formed, a surface passivation layer of 150 nm silicon-oxide
N; were Si-doped with concentrations o307, 1x 10 (Si0,) was deposited using plasma-enhanced chemical va-
and 2<10'® cm™3, respectively. Sample P was Be-doped por deposition(PECVD). In the finished devices, the finger
with a concentration of X 10'® cm™3, and for comparison spacing was um and the active area was 20@00 xm?.
sample U had an undoped top layer. In order to minimize the  During the device processing, the conventional Schottky
effect of the dopant diffusion during growth, the substratediodes were fabricated at the same time. Two diodes were
temperature was decreased from the normal growth tempergrepared, one with the Schottky metal on the as-grown sur-
ture of 575 °C to about 540 °C before the top layer growth. Inface (denoted asSy), and the other with the schottky metal
fact, the structure of sample U is exactly the same as a coren an etched surfadelenoted asSg).
ventional MSMPD** In the structure, the undoped GaAs . .
layer is the absorption layer, and the AlGaAs layer is theB' Result and discussion
absorption stop layer, to prevent the photogenerated carriers The current—voltage characteristics of all devices were
in the substrate from being collected by the electrodes of theneasured with a HP4145 semiconductor parameter analyzer

A. Sample growth and device fabrication
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FIG. 3. The measured current-voltage characteristics of the devices T, B;IG. 4. The measured current—voltage characteristics of the T devices of all
and A of sample B the samples: P, U, N N,, and N,.

on a probe station. The conventional Schottky dioBeand Jig=Jnet Jpp=A} T2 9on/kT+ AXT2e 4% /KT  (6)

Sg were measured first. The obtained ideality factors and,,q for device A, due to the asymmetric structure, the dark
electron Schottky barrier heights for devicg(Sg) were o rant of the device under different polarity has to be esti-

1.03(1.04 and 0.85 e\V(0.86 eV}, respectively. From these mated with different equations as shown below
results we can conclude that first, the Schottky contacts

formed by our process procedure were pretty good, and sec-  Jia=JnatJpa=An T2 4%on/kT
ond, the Ti/Pt/Au—GaAs Schottky contacts on the as-grown

*D )
surface and the etched surface had almost the same electrical +Ap Teer ot ST, @
characteristics. Ja=dnat Ioa=Ad T2~ d(bpn=Adpn)/KT

In the following, the current—voltage characteristics of
the MSM devices were measured under the dark condition. +A§Tzefq¢bp/”- (8)

For sample U, thd-V curves of the devices T, A, and B £q, \nmodified Ti/Pt/Au—GaAs Schottky contacts, the bar-

were almost the same. This is because the Schottky contagts,, height, ¢y, for electrons was about 0.85 eV, which is
L n» . y
of both electrodes were formed on the undoped GaAs Ui, ch |arger than the hole's barrier height. So, the contribu-

face. However, for other samples, since the Schottky contacig,, of the electron current to the total current is negligible

of devices T, A, and B were formed on the layers with dif- ¢, N5\ structures. If we neglect all electron current in the

ferent doping, thé—V curves were totally different. For ex- above equations, we can easily see that=J7, and Jig

ample, thel-V curves of the various device types of sample:J— So. from t,heI—V curve in Fig. 3, we cta/:n conc;ude
tA - ’ -

N, Were_shown in the F_'g' 3. _De"'ces T and B had near_lythat the hole current dominants in all devices for sample N
symmetricl—V curves while device A showed an asymmetric g, oy with the modified Schottky barrier height, the electron
|-V curve. The cause for such a difference is the location o}, jer height is still larger than the hole barrier height. In
the electrodes. For devices T and B, both the anode and tqﬁct, for all the sample&N;,Ns, and B, the total currents of

cathode were on the same layer but for device A, one elecy yeyjces were dominated by the hole currents, as observed
trode was on then™ layer while the other was on the un- +

doped GaAs layer. It should be noted that under positive bia?!vtr::irsggfi“tles 00ir=Jin andJig=Jy in the measured
voltage the electrons injected from the bottom electrode.
Comparing thd -V curves of these devices, we found that
for positive bias, the—V curves of devices A and T are
almost the same. On the other and, for negative biad-t{e
curves of devices A and B are almost the same. This resu
can be understood by the following explanation. Th&/
characteristics of MSMPDs can be approximately describe

by Eqg. (4) mentioned before. However, the Schottky barrier

As discussed in the Introduction, if the total current of
'the MSMPD is dominated by the hole current, we can deter-
mine the Schottky barrier height for boles with the total cur-
hent easily. Thd—V curves of devices T of all five samples
re shown in Fig. 4. In the figure we can observe that the
gurrent increases slowly with the voltage for all the devices
ue to the increased image force lowering. From lth¥
) curves we can extrapolate the total current at zero voltage
helghts for eIectr_qns and for holégp, and dpp, rESPEC- 5y then calculate the hole Schottky barrier heights. The
tively), were modified. Since the top layer of samplgwas Richardson’s constant of holes used in the calculation was
n typed, ¢y, was reduced andby, was enhanced. If the 74 4 njcn?/k2. In Fig. 5 the calculated result is shown. First,
amount of change inpyy and ¢, are Adyy and Adyp, i should be noted that the Schottky barrier height for holes
respectively, the df_irk currents of the de_zwces T a_nd B of th'%f sample U is about 0.57 eV. The summation of this value
sample can be estimated by the following equations and the Schottky barrier height for electro(@85 eV} is
Jr=Jdn1+Ipr=A} T2e~d(bpn—Adpn)/KT equal to the energy gap of GaAs exactly. This result is not
surprising because sample U has an undoped top layer. The

- Adpp)lk e o . )
+A;T2e 9(Pop* A dop) /KT, (5 Schottky barrier is not modified so the result is consistent
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0.85 ‘ ' ' ' N;, N,, N3, and U were about 0.12—0.14 A/W under the bias

0.80 . 1 voltage of 5 V. From this result we can conclude that the

0.75 | ] n-type doped top layer, which greatly suppress the dark cur-

0.70 | ] rent, does not degrade the responsivity of the devices. The
E 065 | K internal quantum efficiencies of the devices were calculated
& . . by considering the thickness of the absorption layer, the re-

' e, flection from the device surface, and the area of the fingers

085 E 1 on the surface. The values were all around 84%.

0.50 | : ]

0.45 > . . * Ill. CONCLUSION

-3 -2 -1 [ 1 2

In conclusion we have used the structure of MSMPDs to
investigate the modified and unmodified Schottky barrier
FIG. 5. The calculated Schottky barrier heights for holes from the result otheights for holes on GaAs. By using a thin and doped top
Fig. 4, wh_ereir_1thz_a axis for doping concent_rat@on,the positive sigayipe, |ayer, the barrier height can be varied over a wide range.
the negative side ia type, and the zero point is undoped. From 1x 10% cm3 P-type doping to X 108 cm 3 n-type
doping the hole barrier height is changed from 0.48 to 0.79
eV. By using the modified barrier height of 0.79 eV we have
obtained a reduction in the dark current for over three orders
©f magnitude for MSM photodetectors.

doping concentration (101 8 cm'3)

with Eq. (1). This result also indicates the validity of this

method for determining the hole Schottky barrier height.
Figure 5 shows that the determined Schottky barrie
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