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Abstract— The properties of slow electron traps in n-Ge
MOS interfaces over a wide range of electrical field across
gate oxides (E,,) are systematically investigated. It is found
through careful examination of the C-V hysteresis that slow
trapping under low FE,. conditions is attributed only to
electron trapping into existing slow traps. Under large E,,
conditions, on the other hand, generation of slow electron
traps and hole trapping are found to additionally affect the
slow trapping characteristics. We propose a new
measurement scheme to discriminate existing and generated
slow electron traps and apply this method to the three
different GeOy-based MOS interfaces in order to clarify the
nature of slow traps. It is revealed from this analysis that a
pre-plasma oxidation process reduces existing slow electron
traps and improves slow trapping in low E,. On the other
hand, ultrathin Y,O; insertion reduces generation of slow
electron traps and improves slow trapping in high E,,,.
I. Introduction

One of the key technologies for realizing Ge CMOS is the
formation of gate stacks with low defect densities. In order to
reduce fast interface states, (HfO,)/Al,05/GeO,/Ge interfaces
realized by post plasma oxidation (Post-PO) are promising[1,
2]. However, a remaining critical issue is the existence of a
large amount of slow traps [3-5], which can be an inherent
problem for Ge gate stacks. It has been reported that Y-doped
GeOy, interfaces and Al,03/GeO,/Ge formed by pre plasma
oxidation (pre-PO) can reduce slow trap density (N, {6-8].
However, reduction in N, is not sufficient yet, particularly for
electrons. Thus, understanding of physical origins of the slow
electron traps and the carrier trapping properties is strongly
required to establish a guideline t%r %urther reduction in N
and a method of the oxide reliability prediction for Ge MOS
interfaces. Here, an evaluation method of slow traps is an
important issue for the proper understanding. One of the
simple ways of evaluating N, is to use hysteresis of C-V
curves. Thus, full utilization of this evaluation method is

effective in obtaining information of carrier trapping behaviors.

However, such an investigation has not been performed yet.

In this study, we examine the physical meaning of the
present hysteresis measurement for slow electron traps in n-Ge
MOS interfaces. Then, it is found that the applied electric field
during this measurement strongly affects the electron trapping
If)_roperties and that hole trapping also occurs in the electric

ield higher than a critical one. We propose a new method to

discriminate existing and generatedp electron traps and hole

traps. By utilizing this technique, we examine the difference in

the slow electron trap properties among three promising

GeOy-based MOS interfaces Finally, we also touch on the

slow carrier trapping behaviors by using Ge n-MOSFETs.
Device Fabrication

Fig. 1 shows the process flows of fabricated MOS structures
The first and third structures have 1.5-nm-thick Al,O; only
and 0.7-nm-thick Y,0s, 1.5-nm-thick Al,O; by ALD at 300°C,
respectively, followed by ECR post-PO. The second sample
has Opre-PO GeO,, followed by 1.5-nm-thick Ale% ALD at
300°C. PDA was performed for 30 min at 400 °C in N,
ambient, followed 100-nm-thick Au gate electrodes [7-8].
Fig. 2 shows the C-V curves of these capacitors. We also
fabricated Ge n-MOSFETs with Al,0;/GeO,/Ge gate stacks
by using the fabrication process described in ref. [9].

III. Slow trap properties under low V, (E,,) conditions

Recently, a simple and effective method to estimate N,
responsible for BTI reliability from MOS capacitors has been
proposed [4, 5]. Fig. 3 schematically shows the procedure.
Here, V, is repeatedly scanned between the minimum voltage
EVSW) and the maximum voltage (V,,), with increasing Vi,

sequence I), as shown in Fig. 4. The amount of slow trap
density responding to this scan (AN) can be estimated from
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the amount of hysteresis (AV),,) in the C-V measurement with
forward and backward scans as a function of the maximum
effective electric field across gate insulators (E,,). Here, E,,
and AN, can be given by E,, = Vi, — Vis|/CET and g A Ny, =
C,x A Viys o0 the assumption that all traps locate very close to
the MOS interfaces. Fig. 5 shows the experimental results.
Here, values of Vg in the forward and back scan, extracted
from Fig. 5, are plotted as a function of E,, in Fig. 6. It is
confirmed that Vyp in the backward scan keeps increasing,
while Vg in the forward scan almost no change under the
resent low E,,, meaning that only electron trapping and no
ole trapping occur. It is verified, as a result, that the amount
of electrons trapped in slow states increases with an increase
in E,., because the difference of Vi in the forward and
backward scan corresponds to AV, and resulting AN,,. Next,
the repeated scan with same V., and V,, (sequence II),
shown in Fig. 7, is performed to confirm the quantitativeness
of the measured AN;. Fig. 8 and 9 show the C-V curves under
this sequence II and the extracted V3 values as a function of
scan cycle number. No change in the C-V and V3 means that
AN;, are stable under a given condition and no generation of
slow traps occurs during the present V, scan with low E,,.

Next, the influence of the C-V scan time is examined.
Here, the hold time at the V,,;, and V,,, points during C-V
measurements is varied under constant V,,, and V,,,, values.
FifTr. 10 show the C-V curves with changing the V,, and V,,
hold times. The C-V curves have no change with changing
the Vi, hold time, meaning that the occupancy of slow traps
at Vip 1n the forward scan is under the equilibrium condition.
On the contrary, when the V,, hold time increases, AV,
becomes larger. Fig. 11 and 12 show the hold time
dependence of Vp; in the forward and backward scan, and the
estimated AN, as a function of the V,, hold time,
respectively. Since Vpp only in the backward scan increases,
the total amount of trapped electrons increases with the time.
There is no saturation in AN, which can be represented by
AN, « t°21, These results indicate that the time constant of
electron trapping into slow traps is widely distributed and that
traps with very long time constants exist. These
characteristics of electron trapping can be qualitatively
understood by trap distributions spread widely along both the
energy and the depth directions, as shown in Fig.13. Here,
only slow traps with the energy levels below Er at V,, and
with the position havin% the time constant shorter than the C-
V scan time can be filled with electrons during the forward
and backward scan. Also, no saturation in AN, means that we
cannot detect total amounts of slow traps and that only traps
locating in an energy range and a depth range contribute to
AVy,s. As a result, the measured AN, amounts to a part of
total N;; as the effective one. On the other hand, as far as the
measurement condition is fixed, the relative comparison in
AN; can still be meaningful.

Under the understanding of the physical meaning of the
present evaluation method, the slow trap properties in the
three types of the fabricated Ge MOS capacitors are
compared. Fig. 14(a) shows the measured AN-E,,
relationship in the three types of the n-Ge MOS capacitors. It
is confirmed for n-Ge MOS interfaces that insertion of Y,0;
can slightly decrease AN, and that the pre-PO process leads
to much lower AN, than the post—Péj process. Also, the
comparison between p-Ge and n-Ge is shown in Fig. 14 (b).
AN, in p-Ge with both post-PO and pre-PO is much lower
than that in n-Ge, meaning that the gate stack instability due
to slow trap is much more serious in n-Ge. This is the reason
why we focus on the slow traps in n-Ge MOS capacitors. In
ord}ér to carefully examine tlllje difference in AN, of n-Ge
between the pre- and post-PO process, ANy, is evaluated by C-
V curves with changing the step time at each V, step, shown
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in Fig. 15. It is confirmed that ANj; is higher in the post-PO
capacitors, irrespective of the step time, indicating that the
difference in AN, between the pre- and post-PO process is
attributed to the difference in the total slow trap density, not
to the modulation of the time constant. Fig. 16 shows a
schematic model to explain the increase in slow traps by the
post-PO process. We can interpret that additional slow traps
can be generated by the post-PO process, independent of the
defects inherent to Ge(l))X, probably through any reaction
and/or inter-diffusion between Al,O; and Ge%x.
IV. Slow trap properties under high V, (E,,) conditions

As described, tﬁe hysteresis observed in the C-V scan with
low Vi, (E,y) 1s attributed to electron trapping into existing
slow trap sites, which is the common interpretation of the
hysteresis in Ge MOS interfaces. However, we have found
that, when higher V,, (E,,) is applied, both hole trapping and
generation of new clectron slow traps happen. It should be
noted here that the discrimination 0? existing and generated
traps is important for identifying the physical origin of the
slow traps. Fig. 17 shows the C-V curves under repeated scan
(sequence I), where E,,, is increased up to values higher than a
critical one (Eeeq). 1t is observed that Vpp starts to shift
toward negative V,, which is totally different from the C-V
curves under small E,,. As seen in Fig. 18, when E, becomes
sufficiently large (typically larger than 10 MV/cm), Vip in the
forward scan starts to decrease rapidly, while V3 in the back
scan increases gradually. Next, the repeated scan with constant
Viop and Vg %sequence II) is applied to capacitors under £,
higﬁer than E.;;. in Fig. 19. Fig. 20 summarizes the voltage
shift of the C-V scan under low and high £, as a function of
the scan cycle number. The negative shift of the forward scan
increases with an increase in the cycle number, suggesting the
increase in the amount of trapped holes, whic% has %een
reported in Ge p-MOSFETs after NBTI stress [10, 11].

The gate current (J,) before and after the J, measurement is
shown in Fig. 21. J, for the post-PO capacitors is higher than
the pre-PO ones, suggesting the higher density of fefects in
the post-PO capacitors. Fig.22 shows J, before and after the
C-V scan. Although a small amount of stress-induced leakage
current is observed, the significant degradation is not observed
after applying E,, higher than E,,;;.. In order to examine the
de-trapping of holes, C-V curves after the C-V scan up to high
E,, are measured with changing the negative V. values (Fig.
23). No change in the C-V curves means that trapped holes
works as fixed charges and do not contribute to AV}, The

resent results can be explained by a model of Fig. 24. Under
ow FE,, only electrons in Ge are trapped into slow traps
during C-V measurements. Under high £,,, on the other hand,
hot holes created probably in the gate metal are injected into
dielectrics and trapped into hole traps. These trapped holes do
not come out and cause the negative V3 shift as fixed positive
charges. In order to determine E.,;;.,, for hole trapping, the C-
V scan using the sequence II with high E,, is applied to the
three tffpes of capacitors. Fig. 25 shows the hole trap density
after 1 and 2 cycles as a parameter of E,. The linear
relationship between the hole trap density and the cycle
number is clearly observed. Fig. 26 shows this slope as a
function of E,,. As a result, E_,;;.; is estimated to be 11.5 and
14.8 MV/cm for w/ and w/o Y,0; n-Ge MOS interfaces,
respectively. It is found that inserting the Y,O; interfacial
layer makes the interface more robust against hole trapping.

In addition to hole trapping, we have found that generation
of slow electron traps occurs at £, higher than E_,;;..;. In order
to discriminate generated and existing electron slow traps, we
propose a new measurement using sequence III, shown 1n Fig.
27. Here, after applying high V,, once, AV}, under the initial
C-V scan condition with sufficiently low Vi, is re-measured.
Since AV, does not change for the repeated measurements
with low Vsm (Fig. 8), the increment AV, corresponds to AN,
for generate(f slow traps. Fig. 28 shows the change in Vg by
using sequence III. We can discriminate and determine AN,
totals ANst—generated; ANst—existing (total, enerated, CXiStil’lg electron
slow trag)s density), and AN, (hole traps density) under the
proposed measurement as follows;

ANst—totar = AVpys2 X Cox/q, ANst—generatea = (AVhysl - AVhyso) X Cox/q,

3 ANy = AVrorwara X Cox/q, ANst—existing = ANst—total = ANst—generated
Fig. 29 shows the Vi values measured by sequence {11 After
the V, scan up to high V,,, Vi in the forward scan decreases
and 7, rp 1in the backward scan slightly increases, resulting in
the increase of AV, in com})arison with the initial scan. This
result means that trapped holes appear and electron slow traps
are generated by applying higher V,, (E,.). By using this new
measurement method, we compare the contributions of
generated and existing electron slow traps and hole traps to
total AN, among the three types of n-Ge MOS capacitors. Fig.
30 shows ANvt-totals ANvt-exlstings ANvt-generated and A]vh in the
Al,03/Ge0,/Ge MOS intertaces with post-PO. It is found that
ANvt-exlxtin dominates ANvt-total in lower E{)Xs while ANY[— enerated is
comparafgle to or higher than ANy ine in higher Eix. Also,
A]vh is comparable to ANvt-e)cixtm an st-generated in hlgh Enx~
These results indicate that the influence of slow trap
ﬁeneration and hole trapping must be taken into account in

igh E,, as the physical origin of slow electron trapping in Ge
MOS reliability. Fig. 31 shows the comparison of ANy
ANy exisiings ANsg-generared and AN, among the post- and pre-PO
A1203/GeOX/n-Gge, and post-PO Al,0,/Y,03;/GeO,/n-Ge gate
stacks. It is found that AN, cviging in high E,, is almost the same,
while pre-PO exhibits the lowest value in low E,,, as shown in
Fig. 4(a). Also, ANy genergea is_almost the same between pre-
and post-PO Al,0;/GeO,/Ge. These facts suggest that the slow
electron trapping and generation in high £, are determined b
a common nature of pure GeOy. It is found, on the other hand,
that Al,O3/Y,03/GeO,/Ge shows much lower AN, and AN,

enerateds €aNING that msertion of Y,0O;3 and doping of Y into

eOy can be an effective way to improve the gate stack
reliability in high E,.. This result is consistent with the report
on stabilization of GeO, network by Y incorporation [12]. As
a result, we can interpret that lower AN, .y Of pre-PO in low
E,. and ALO3/Y,05/ GeO,/Ge in high E,, are attributed to the
suppression of existing trap generation due to pre-PO and the
increased robustness against electron slow trap generation and
the hole traps, respectively. The present analyses also suggest
that existing and generated electron slow trap and hole traps
have the different physical origins.

V. Characteristics of slow traps in Ge n-MOSFETSs

As described above, the slow traps measured by C-V
hysteresis can be a part of existing slow traps. In order to
estimate all of slow traps affecting device performance, the
evaluation of time dependence of MOSFET currents is
effective. Thus, the characteristics of channel currents of Ge n-
MOSFETs with Al,03/GeO,/Ge gate stacks are studied. Fig.
32 and 33 show I, as a function 01g V, and the time dependence,
respectively. The decrease in /; corresponds to the trapped
electrons. The long-term /-¢ characteristics in Fig. 34 indicate
that show trapping has no saturation and is described by the
log ¢ dependence. We have also found that the trapping
characteristics have the temperature dependence, as seen in
Fig. 35. The activation energy of the slope in log ¢ plot is
estimated to be ~ 20 meV flg. 36). Thus, any temperature-
dependent process could be incorporated into the slow
trapping mechanism of channel electrons, as Fig. 37.

VI. Conclusion

The properties of slow traps in Ge MOS interfaces in small
and large £,, were systematically examined. It was found that
only existing slow traps are responsible in low £, while
generation of slow traps and hole trapping additionally occur
n high E,,. Also, we proposed a new measurement scheme to
discriminate existing and generated electron slow traps. The
pre-PO and Y,0; insertion have been found to reduce
existing and generated slow electron traps, respectively,

contributing to the reduction in total slow trap density.
ACKNOWLEDGEMENTS This work was partly supported by a Grant-in-Aid for
Scientific Research (17H06148) from the Ministry of Education, Culture, Sports,
Science, and Technology in Japan and JST-CREST, Grant Number JPMJCR1332, Japan.
REFERENCES [1] R. Zhang et al, APL 98 (2011) 112902 [2] R. Zhang et al., TED
60 (2013) 927 [3] R. Zhang et al., IEDM (2011), 642 [4] J. Franco et al., IEDM (2013)
397 [5] G. Groesenken et al,, IEDM (2014) 828 [6] C. Lu et al., JAP 116 (2014) 174103
[7] M. Ke et al., MEE 178 (2017), 132 [8] M. Ke et al., ESSDERC (2017) 296 [9] M.
Ke et al., APL 109 (2016) 032101 [10] J. Ma et al., MEE 109 (2013) 43 [11] J. Ma et al.,
TED 61 (2014) 1307 [12] C. Lu et al., IEDM (2015) 370

3432



A post-PO] | Y,0, post-PO cet pre-PO{ Fig.2C-V
J4nm
— 2 1kHz CET 2.27nm curves for
£ 1.5 the MOS
G TOpcET % : )
(100)Ge a PDA g ,om 1 f interfaces in
(~1x10%) & Plasma ALD 400°C o X ) Fig. 1
Pre-cleanin oxidation LULSERE N, 30min 0.5 X
. ALO, o « 1MHz
2 e gty | o'
¢] g 9
ratiol s
— Vel ngﬂ;cda?fa“ Sequence I Vgt —— Egg’:as"g;ca" Sequence I
Al;04 seidation 2 | stop : l N
pr— & Vslop /\\ /\\\ A E \\ \\ A t
LY hJ Al T ¥ >
Vepare | / \\/ \/ oo™ Vart - / ‘\/ \9/ b
Cycle1 Cycle 2 Cycle 3 Cycle 1 Cycle 2 Cycle 3

Fig. 1 Process flow and structures for and Al,0;/GeO,/Ge with post-
PO, Al,05/Ge0,/Ge with pre-PO and Al,05/Y,03/GeO,/Ge with post-

Fig. 4 Scan cycle of C-V
measurements with same V,,,

Fig. 7 Scan cycle of C-V
measurements with same V,

using C-V measurement

MOS interfaces

backward C-V scans

with same V,,

C-V scans with same

PO MOS interfaces 0.7, . and changing V,, (Sequence I) and V,,, (Sequence II)
2 0.7,
v V electron
3 ] forward scan Smmvsm 2y 08 trap -ﬁ:tom 0.6
< < siop3}S 0.5} Backward A /f ‘b Backward —
~— x H |~ - - - —— N
g2 £ / back scan] @ - -1 E j’l ‘>"05 o g
=4 =4 s S-0.4¢-- o ! ,17 0- lelectron trap] L
2 = Forward S faN_ /] S 2
04 o 0.3 e cycle1}® |- *--e--1 3
hys cycle 2 0.4
-\j Y Forward
0.2 cycle 3 (b)
0 1 2 1 1 E2 M:i[/ 45° 0 1 2 0.3 1 2 3 4 0 1 0 1
cm
Vg (V) 7 vg(v) B (MViem) C vgw) " cycles Vo) VgV
Fig. 3 Evaluate method ~ Fig. 5 C-V curves of = Fig. 6 Vpp values for  Fig. 8 C-V curves  Fig. 9 Vg values for  Fig 10 C-V curves with
for slow trap density by ~ ALO3/GeO,/Ge forward and under cycle scans  forward and backward  different (a) ¥, and (b)

V pax hold time

1013With changing Vstop /(L | t and V.vtaqtow Vstop and Vsturt 1012
ALLO./GeO /Ge nsulator n-Ge A0 JGeD /Ge
0.6 electron 23 X m| = . 2 ¥ _
trap W~ ) oolShort tlmeE — post-P000 post-P90 O"E
s s O o c o . s
T G R0 S spe Bl o |l B
S e MU gmg[Long time =" }Y,0,®pre-PO O B
Forward < Slope= 0.21 a0 E S pre- p-Ce
0.2 Gate =. /- v 11 step time
10" 1) (a) (b) 10
01 1 10 10210> 1 10 10° 10’ Slow 10 10 0 10 0 £(®) ‘
V__holdtime(s)  V__hold Time (s) traps| E,(MVicm) E,(MVIGm) 1S Slow trap
. ) Fig. 14 Slow trap density of (a) density as a function
Fig. 11 Vg values as a Fig. 12 Slow trap / Al,05/GeO,/n-Ge with post-PO and pre- ¢ steg time in

function of V,,,, hold
time for forward and
backward C-V scans
with same V,, and

Vtart 1.2 = r r r 1
. S16 0 O O
3¢ Defocts by PPO 1} forward =% Backward i<
POSt-PO Ol)ilirlf l:}; rent 1o GeO 0.8 1 “ 21 Da ik
il 8 1< 101.2
process AlLO./Ge % - .+*~.Forward
o506 iz 5 de w s |
E 2 ° o “. . SmallE
‘ R 0.4t {>"of ‘o {208 79 Tod
0; = 0.2 Forward 3 0.6 | arge E.e
a 0, Al intermixing oben? } o o . Mcyced O |
g | close to the Ge S 10 ;II 2(V:; 45 0 E5 (I\}I\(}I 15) 20 -1 0v1 (Vl; 3 Cycles
z = 9 cm 9 Fig. 20 Voltage at C,,
% | | <C| Fig. 17 C-V curves of x £ oased ¢

Fig. 16 Schematic diagram for slow trap

generation by the post-PO process in pre-PO capacitor under in C-V measurements ~ with same V,, and under low and high E,,,
Al,0,/GeO,/n-Ge MOS interfaces high E,, up to high E,, Vtare conditions
3433 IEDM18-793

density as a function
of V4 hold time
with same V,, and
VS‘fan

Fig. 13 Schematic diagram
for slow trap response in Ge

n-MOS interfaces

interfaces with

) PO and pre-PO

PO, and Al,0,/Y,0;/GeO,/n-Ge MOS

post-PO (b)

Al,03/GeO,/n-Ge and /p-Ge with post-

Al,0,/Ge0,/n-Ge

MOS interfaces with

post-PO and pre-PO
1. ‘

Al,05/GeO,/n-Ge with

Fig. 18 Vypin forward  Fig. 19 C-V curves for forward and
scan and backward scan under cycle scans

backward C-V scans



1 large electron field

pre-PO After C-V scan iheulsto / Small electron field o
Cycle 1 vV ot ul:clr't:‘n )
Cycle 2 31p s [ “‘;"’e ] \F\euuon trap
Cycle 3 € ? 8\\; :/ﬁ Electron trap . & (N
5 l 4N T
12V :—;‘/_E ! .
Initial -V ./ Loy B - B
0’ b) 10° = K \; Gate| H ! "
0376 992 2746 81012 0246810 24681012 2-10 H o el e,
E (MVicm) E (MVicm) E (MVicm) E_ (MVicm) gé {/ 5 L 1\ ole trap
. ox R ox i oxX ) ox 23 O Hole trap v hole]trap -
Fig. 21 Relation of J; and £, Fig. 22 Relation of J; and E,, curv os with / - by
in (a) ALL,Oy/GeOY/n-Ge MOS  in ALOy/GeO/n-Ge MOS  giee oy @
capacitors with post-PO and capacitors with (a) pre-PO and 5. .y Sit:(la’.;l at  Fig. 24 Schematic band diagrafns of electron and
pre-PO and (b) cyclic (b) post-PO after C-V scan E max valueis  hole trapping behaviors under (a) low E,, and (b)
107 measurements of Jg with different E,, ngSMV Jem high E,, in n-MOS gate stacks
By A .
< twY,0, 4 post-PO pre-PO 2 Y,0, Ve : E‘a’rc“:asrgaica” Sequence I Fig. 27 Scan cycle of C-
£ >4 post PO ? ............... V measurement with
£ |E (MVicm) . E (MV/cm) 3 Tl 1 e . >
F-B B A5.7] Box MVICm) o b A 3 increasing V, and
g v g3t ! pre-PO | ' ¢ constant V. for
° S 11.9 S ¢ o S -
g 153 18, 22 ﬁ ! / ‘/ >monitoring hysteresis at
5 . e e S IS VI \( ‘/ { ‘_ low E,, (Sequence III)
N O 2:) Wi 2le 115 gty ! v . .
0 c il vk ovly 25 0 ' i Cycle0  Cycle1 Cycle 2 Fig. ZSfSChenlllatlc
. es _Cycles ycles g gd A i
Fig. 25 ANj, as a function of the CV scan cycle in 12 13 15 Ve - @ ;/riegg rsvafdpi Icl dange
ALO4/GeO,/Ge, ALO4/Y,05/GeO,/Ge gate . B, (MViem) e B} & % L & ward soan for
stacks with post-PO and Al,05/GeO,/Ge gate Fig. 26 Slope of I evaluating the
stack with pre-PO. A parameter is E,,. AN-CV cycleas , i densit ofge stin
9 1a a function of £, vV vev o d y Xd 11 g
Backward 10 for the three gate AViorwara bt t an generated slow
vesssess stacks. T TT T>eclectron trap dens1_ty
s 1, . k10" » Cycle0 Cycle 1 Cycle 2 and hole trap density
=3 ° £ 10 : : : : : : . : ac a finctian nf K
>E0 *eq = Total electron { existing generated Hole trap 10°,
Forward Z10" ! oo post-PO gl | electron electron FVa
A hole trap p"E 107 gpost-P * ¢ post-PQ ‘ post-PO.. w_ 10 150mv
07274768 0 4o S s Y.,0, Y O n w45 Jf100mv
. _Cycle . 0 5 10 15 20~ % 273 -1‘ M+ 12107 50my
Fig. 29 Vip valuesin = E _(Mviem) =103 & 2 . < Vi
p  and Fox fmtl'e Imtle e ’Y 0f w. =
orward an Fig. 30 Total, . 50 ®0re-PO o 273 ® 25 ‘Yz 410 ::
backward C-V scans generated and pre- o PE preg W 40mm
£ ALLOy/GeO,/G @) of pero_©f & - @ L zomm
oI ALV /E  existing electron 10" i esatiees 107
MOS interfaces b 5 10 15 20 10 1520 1214 16 18 121416 1820 103
o monsur eYt slow trap density, E_(MViem) E_(MViem) E_(MViem) E_(MVicm) v, (V)
ZEICEG m Os;lr ettt and hole trap density Fig. 1 Comparison of the density of (a) total electron slow traps, (b) Fig. 32 I V in Ge n-
1 SClt;[Il{;]/cm and max of Al,05/GeO,/Ge existing electron slow traps, (c) generated electron slow traps and (d) MOSFETs w1th the
B alues from 12 1o OS interface with e traps in ALO,/GeO,/Ge, ALOs/Y,05/GeO,/Ge gate stacks with  ALOs/GeO/Ge gate
1 g)i\/IV Jem post PO post-PO and A1203/GeO /Ge gate stacks with pre-PO stack using different 7,
WaommL 26mm g V=AVE, = 4.riviem A
low t 0. V 0 1V c W 1% A Thermal
. j-sSowtrap A Vg=1.5V 5 “ry 1 g0.03 o activation
E P £ o. E_=3AMVicm{ § & g.of 100K {8 ..
<02 < . 5 9 150K { %5 0.02 \ E
2 202 - 9% 200K | o LAN c
) channel ) ~e . N 3 0.8f 550Kk 18 N
carrier 0.1 Vg=0.8N\ { & o7Vv,=0V 300K ] go001 Q
R E_=0.9MV/cm 15 : -W 40um L 25 ] zE%’ E, =20 meV \
072 46 8710 QLo E Y Sl E-m - 0 ¥ g . Fig. 37 Schematic
Time (s) 102 10 10 10* 10° 102100 102 10° O 4x10° 8x10°1.2x10% = ;
Fig. 33 Time e (s) Time (s) Inverse Temperature (K')  diagram of possible
dependence of /, in  Fig. 34 I~ characterlstlcs Fig. 35 Measurement Fig. 36 Activation thermal activation
Ge n-MOSFETs with in Ge n-MOSFETSs with temperature dependence of energy plot of the process in slow
the ALOy/GeO,/Ge  the ALO;/ GeOy/Ge gate normalized /-log ¢ characteristics ~ slope in the /-log ¢ electron trapping in
gate stack stack as a parameter of Ve in Ge n-MOSFETs characteristics Ge MOS interfaces

IEDM18-794 3434



