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Carrier transport through grain boundaries in lightly doped polysilicon films has been analyzed using device simulation. Grain
boundary defects not only trap and reduce free carriers, but also form potential barriers and interfere with carrier movement. The
dependence of the energy band, carrier density, potential barrier and electric conductivity on the dopant density has been closely
investigated. The carrier density increases monotonically as the dopant density increases. The potential barrier height reaches
its maximum value when the dopant density is roughly equal to the defect density. The electric conductivity dramatically
increases around the specific dopant density that is sensitive to the defect density. The actual defect density can be extracted by
comparing the experimental electric conductivity with the simulated one. The device simulation is more reliable than analytical
methods, since it can accurately handle phenomena such as the energy distribution and partial occupation of the grain boundary
defects, partial ionization of the dopants, gradual depletion and so forth, which are neglected or approximated in the analytical
methods.
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1. Introduction rier and electric conductivity on the dopant density. Experi-
- N o . ments are carried out in order to extract the actual defect den-
In polysilicon (poly-Si) thin-film transistors (TFTs), car- _. . . . L .
: . - : g ity by comparing the experimental electric conductivity with
rier transport occurs in poly-Si films that include grains an ; . . . "
: . e simulated one. The carrier density, potential barrier and
grain boundaries. In particular, laser-crystallized poly-S
electric conductivity obtained using the device simulation are
films have few defects in the grains and many defects a
compared with those acquired using an analytical method. It
the grain boundaries in comparison with other poly-Si films
's expected that the device simulation is more reliable than
In order to understand the working of the poly-Si TFTs, i
he analytical methods, since the device simulation can accu-
is necessary to clarify the mechanism of the carrier trans
rately handle phenomena such as the energy distribution and

port through the grain boundaries in the poly-Si films. One i
of the most effective methods for clarifying this mechamsnﬁ)art'al occupation of the grain boundary defects, partial ion

is to evaluate lightly doped poly-Si films® In the evalu- ization of the dopants, gradual depletion and so forth, which
ation of lightly doped poly-Si films, no voltage is appliedare neglected or approximated in the analytical methods.

along the poly-Si film depth, and no carriers are concentratezd Simulation

at the oxide-silicon interface. Therefore, the effect of thé

oxide-silicon interface on the carrier transport is negligible, Figure 1 shows the carrier transport in the lightly doped
while that of the grain boundaries is dominant. Moreovemoly-Si film with the grain boundary defects. Dopants are
since the changes of electrical potential and carrier densitljstributed uniformly over the entire poly-Si film, while the
along the poly-Si film depth are negligible, two-dimensional

subjects can be treated as one-dimensional subjects. From the

viewpoint of sample fabrication, since only poly-Si films with ~ Grain Boundary Free Space Charge
some contact pads are required, it is easier to fabricate then G’a'" Camer Trapped Region
than to fabricate poly-Si TFTs. Carrier

There are some reports that have analyzed the carrier trans - N\
port in lightly doped poly-Si film§:® Since they are based '

on analytical methods, some assumptions and approximation:
are required, which cause errors. Recently, a paper was re
ported by the authors, which was based on device simulation e ot et
in order to precisely analyze the carrier transport in poly-Si
films.19 The mechanism of the carrier transport in the poly-Si
films was clarified, and the dependence on the defect density
was analyzed.

The objectives of this study are to analyze the carrier trans-
port through the grain boundaries in the lightly doped poly-Si
films using the device simulation and closely investigate the

dependence of the energy band, carrier density, potential bar-
Fig. 1. Carrier transport in the lightly doped poly-Si film with the grain
boundary defects.
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defects are localized at the grain boundaries. When tHer intrinsic poly-Si films and that a flat-band condition is ac-
donor-type dopants are ionized, free electron carriers are gequired when no voltage is applied. Since these characteristics
erated in the conduction band. The free carriers are trappatk often observed in poly-Si TFTs, this assumption seems to
at the grain boundary defects and decrease. The grain boubeé-valid. A voltage of 0.1V is applied to electrodes on both
ary defects are charged negatively, and positive charges bsides of the poly-Si film in order to induce an electric current
anced with negative charges at the grain boundary defe@sd to calculate electric conductivity.
are induced on both sides of the grain boundaries in orderDevice simulations can accurately handle phenomena re-
to preserve charge neutrality. That is, the free carriers diated to the mechanisms described above without any approx-
crease on both sides of the grain boundaries, and space-chamgations*~3 In the device simulation, the following equa-
regions are formed by the positive charges of the dopatibns are utilized.
ions. These space-charge regions form potential barriers at AV = —pJe 2
the grain boundaries. The potential barriers bend the energy
band upward at the grain boundaries, shift the relationship V. (=NpunE — DVN) —G =0 3)
between the defect energy and Fermi level, affect the occu-
pation probability of the grain boundary defects, change the V- (=MppE = DpVip) —G =0 )
negative charges at the grain boundary defects and circulaByguation (2) is the Poisson equation for calculating electrical
make the potential barrier higher or lower. Therefore, thpotential. Equations (3) and (4) are the continuous equations
potential barriers and occupation probability are determinddr calculating carrier transport based on the drift-diffusion
self-consistently. It is concluded that the grain boundary denodel for electrons and holes, respectively. The following
fects influence the carrier transport by two mechanisms. Theguations are also utilized.
first mechanism is to trap and reduce free carriers. The second
mechanism is to form potential barriers and interfere with the "¢ = Na(1/{1 + expl(Er — Eq)/(KT)ID )
free carrier movement. Only thermally activated free carriers
can travel through the potential barriers.

As shown in Fig. 1, the grain size is defineddyand four
grains and three grain boundaries are assumed. This structurenyg = / N (E)(1/{1+ exp(Ef — E)/(KT)IHAE  (7)
can be assumed to be a part of a longer poly-Si film. The
dopant density varies on the order of1010?°cm™3, and the  Equations (5), (6) and (7) are the equations for calculating the
dopant energyEg, is 0.04 eV below the bottom of the conduc-0ccupied state density by considering the occupation prob-
tion band,E.. The energy distribution of the grain boundaryab”ity based on the Fermi-Dirac statistics for the donors,

defects is described by the Gaussian function as follows. acceptor-like states and donor-like states, respectingignd
) Ny are the occupied state density and total density for the
Ni(E) = Ny exp{—[(E — E1)/E2]%} 1)

donors, respectively,, Niwa(E), nig andNyg(E) are the occu-

Here, E, Ny, E; and E, are the energy in the energy gapPied state density and energy distribution of the grain bound-
and Gaussian parameters, respecti\/e|y_ The total defect d&hy defects for the acceptor-like states and donor-like states,
sity is acquired by integrating eq. (1) along the energy. Théespectively. The following equation for calculating the total
defect density varies in the plane density on the order @harge density is circularly substituted into eq. (2).

10'2-10" cm~2, which corresponds to the volume density on o _

the order of 1&/-10?°cm3, if it is assumed that the grain P =0(=Nn +Np + Nd = Nea + Mg) ®
boundary defects are distributed uniformly over the entir#) the device simulation, a structure is divided into many
poly-Si film. Although the defect density is indicated usingneshes, and egs. (2)—(8) are formulated at each mesh. By iter-
the volume density in order to compare it with the dopant derﬁting to solve these equations till the convergence is achieved,
sity in the following sections, the grain boundary defects ar€ carrier density and electrical potential can be calculated.
localized at the grain boundaries. For as-crystallized poly-&inally, the energy band, carrier density, potential barrier,
films, the defect density is very h|gh as described abov@JeCtriC conductivity and so forth can be calculated. The au-
E; is 0 eV, which means that the grain boundary defects afbors utilize a device simulator, Atlas, which applies finite-
distributed around the midgap in the energy gap, Bads differential methods to solve egs. (2)—(#).It is vended by
0.15 eV, which means that the Gaussian width is 0.3 eV. Thigilvaco International and is based on the algorithm of Pisces,
high defect density around the midgap is confirmed by a higithich was developed at Stanford University and has been
potentia| barrier measured in a previous experirﬁémhis WIde'y utilized as a standard simulator for semiconductor de-
is because the defect density has to be high in order to for¥ifes. The procedure of the device simulation has been re-
the high potential barrier and because it has to be distribut@@rted previously in more detéf)

around the midgap in order to trap the free carriers even af-

ter the high potential barrier bends the energy band upward&t Experimental

the grain boundaries. Acceptor-like states are defined as deExperiments were carried &t in order to extract the

fect states that are neutral or negatively charged accordingdg;,al defect density by comparing the experimental electric

the Fermi level. Donor-like states are also defined as def%nductivity with the simulated one. First, an amorphous-
states that are neutral or positively charged. Itis assumed th@tcon film was formed using low-pressure chemical va-

the defect density of the acceptor-like states and that of the,. deposition to a 50nm thickness. Phosphorus atoms
donor-like states are the same. This assumption leads to {§gre implanted with variations of the doping density. The
characteristics that the Fermi level is located at the midgagyorphous-silicon film was crystallized using a XeCl excimer

N = / Na(E)(1/{1+ exp(E — En/KT)INdE  (6)
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laser for laser energies such as 220, 340 and 460 Micm 10%°
form a poly-Si film, and the phosphorus atoms were activated 10"
simultaneously. It is known that the defect density changes as~ 10"
the laser energy chang&s) The poly-Si film was patterned 'e 10"
and aluminum electrodes were fabricated. Next, a voltage £ 10"
was applied to the aluminum electrodes in order to induce an &

= 15
electric current and to calculate the electric conductivity. Fi- § :8,4
nally, the grain sizes of the poly-Si films were measured using O a
a method such as scanning electron microscopy or tunneling .& 10
electron microscopy. E 10%
(@] 1011
4. Results 10" I Defect 210" cm®
109 PURE VT NN W (Y YT WO WA WA NS WY WY WA WU ST WY R WA 1

The dependence of the energy band, carrier density, po-
tential barrier and electric conductivity on the dopant density
have been closely investigated using the device simulation.

0 50 100 150 200
Location {(nm)

Fig. 3. Dependence of the carrier density with variations of the dopant den-

4.1 Energy band sity.

Figure 2 shows the dependence of the energy band with
variations of the dopant density. The grain size is 50 nm, and
the defect density is 108 cm~3. The bottom of the con- and carrier density are quite different for each dopant density.
duction band E., for each dopant density is shown by overdn particular, neighboring potential barriers are connected for
lapping the Fermi levelE;. Although the shapes of the Fermi & low dopant density below 2 10'® cm™* because the space-
level for each dopant density are not precisely identical, ongharge regions spread to the entire grains in order to induce
the Fermi level for one dopant density is shown in order téhe positive charges balanced with the negative charges at the
avoid complicating the figure. Figure 3 shows the dependengéain boundary defects and the neighboring space-charge re-
of the carrier density with variations of the dopant densitydions are also connected.
In the middle of the grains, for a low dopant density below
2 x 10 cm 3, E, is distant fromE;, and the carrier density 4.2 Carrier density
is low because the dopant density is lower than the defect den-Figure 4 shows the dependence of the carrier density in
sity and most free carriers are trapped in the grain boundaffye middle of the grains on the dopant density with varia-
defects. As the dopant density increases abové@8cm3, tions of the defect density. For a low dopant density below
E. comes close td&;, and the carrier density increases to thex 10" cm~3, the carrier density is low because most free car-
same order as the dopant density because the dopant dengfys are trapped in the grain boundary defects. As the dopant
becomes higher than the defect density and more free carrigl@nsity increases above<110'®cm3, the carrier density in-
are generated. On the other hand, at the grain boundaries, ¢s¢ases because more free carriers are generated. As a result,
all dopant densities, the potential barriers are forngdis it is found that the dependence is a monotonic increase. It is
further distant fromE; than in the middle of grains, and the interesting that the dependence does not change significantly
carrier density is lower. These phenomena can be explainad the defect density changes. This is because the carrier den-
from a different viewpoint as follows. The potential barrierssity in the middle of the grains is not significantly influenced
are formed at the grain boundarié&s, is distant fromE;, and
the carrier density is low. The shapes of the potential barrier
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Fig. 4. Dependence of the carrier density in the middle of the grains and
Fig. 2. Dependence of the energy band with variations of the dopant den-potential barrier height on the dopant density with variations of the defect
sity. density.
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by the defect density for a grain size of 50 nm. This seems dif- 10°
ferent from the case for smaller grain siZéslt is also inter- € 10
esting that the carrier density is slightly lower than the dopant £
density even for a high dopant density above 108 cm3, @ 10
This is because only some of the dopants are ionized accord > 1
ing to the ionization rate when the dopant energy is similar to g 107
the Fermi level. S
T 10°

4.3 Potential barrier 3 10°

Figure 4 also shows the dependence of the potential bar- o 10
rier height on the dopant density with variations of the de- 43
fect density. For a low defect density such ag 30" cm3 o 10°
and a low dopant density below2 10*” cm~23, the poten- - 107 P

tial barrier is low because the space-charge regions sprea 10" 10" 10" 107

to the entire grains but the space-charge density is very low.

Only a part of the grain boundary defects is charged nega- Dopant Density (cm )

:LYEIZ beca_'use the total _space charge_, which is the prquCtlg::)if. 5. Dependence of the electric conductivity on the dopant density with
pace-charge density and space-charge region width, riations of the defect density.

to be balanced with the negative charges at the grain bound-

ary defects in order to preserve the charge neutrality. As the

dopant density increases, the potential barrier increases(% ecific dopant density. This specific dopant density corre-

cause the space-charge density increases. For a dopant

sity of 5 x 10 cm™2 that is the same as the defect densityyq.

the space-charge regions still spread to the entire grains, amge

almost all of the grain boundary defects are charged ne

tively. For a high dopant density such asx110*®cm™3,

the space-charge density still increases but the space-ch

region width narrows in order to maintain the total spacg

charge because the grain boundary defects cannot be char ity decreases although the dopant density increases. This

more negatwely. The pot.enyal barngr decreases agan t1'5"because the rapid increase of the potential barrier surpasses
cause the electrical potential is approximately proportional e increase of the carrier density

the space-charge density and the square of the space-charge
region width, which is found by integrating eq. (2) with a
location, and the effect of the space-charge region width is
dominant over that of the space-charge density. As a resultl Extraction of defect density

the potential barrier height reaches its maximum value when The actual defect density can be extracted by comparing
the dopant density is roughly equal to the defect density. Ghe experimental electric conductivity with the simulated one.
the other hand, for a high defect density such ad8®cm~2  Figure 6 shows the experimental electric conductivity with
and a low dopant density belows2 10*” cm~3, the potential variations of the laser energy for crystallization and simulated
barrier is low for the same reason as for a low defect density.

As the dopant density increases toc110%-2 x 10 cm3,

the potential barrier increases and becomes saturated becau: ~ 10°

nds to the dopant density where the potential barrier starts

reasing and strongly depends on the defect density. It is

resting that the dependence is quite sensitive to the de-

et density. The other interesting point is the negative depen-
dence of the electric conductivity on the dopant density. For
defect densities such as410* and 8x 108 cm~2 and

pant density around»8 10" cm~3, the electric conduc-

Discussion

the defect energy becomes similar to the Fermi level and ther-é 102 | | —+— Experiment
grain boundary defects cannot be charged more negatively 6 10 = Simulation
. i 0 3 . ~ -
For a high dopant density of:d 10°°cm3, the potential bar- (2]
rier decreases also for the same reason as for a low defec s | | Grain50nm/
. =4 ~1 Defect 2x10° cm
density. S 107 F
] _ 20/ Laser )
S 107 | | exio® 460 mJfcm.,
4.4  Electric conductivity T 107 220
Figure 5 shows the dependence of the electric conductiv—(g Y
ity on the dopant density with variations of the defect density. 10
The electric conductivity is determined by the carrier densit 43 10°
and potential barrier described above. For a low dopant den- @ g
sity, the electric conductivity is low because the carrier den- w 7
. . . R . 10 2 2 --nu“ 2 2 2 2 22220 I I WEET]
sity is low. As the dopant density increases, the electric con- - 8 10 0
ductivity remains low because the carrier density increases 10 10 10 10°
but the potential barrier also increases. As the dopant den- Dopant Density (Cm—a)

sity increases further, the electric conductivity dramaticall . . o o

increases because the carrier density remains high but the pt§: 8- Experimental electric conductivity with variations of the laser en-
. . . . ergy for crystallization and simulated electric conductivity with the ex-

tential barrier starts decreasing. As a result, it is found thaty acted defect density.

the electric conductivity dramatically increases around the
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electric conductivity with the extracted defect density. The 10 T 0.7
grain sizes were 10, 20 and 50 nm for laser energies of 220, 10" Defedzxfo om
340 and 460 mJ/cfarespectively. Using these grain sizes, the ~ 10" Analytical 06 S
dependence of the electric conductivity on the dopant density 'g 10" 05 £
with variations of the defect density was simulated as shown £ 10" NP
in Fig. 5. Since the dependence of the electric conductivity 2 10* 0.4 35
on the dopant density is quite sensitive to the defect density, 2 10" R
itis possible to extract the actual defect density by comparing & 10" 0.3 g
the experimental electric conductivity with the simulated one.  § 112 =
The extracted defect densities for laser energies of 220, 34C ‘& 10" 02 £
and 460 mJ/crhare the volume densities 0f210'°, 8 x 108 S 10" %
and 2x 10"¥cm~3, which correspond to the plane densities 10° 01 a
3f2 x 103, 1.6 x 102 and 1x 1083cm2, respectively. It is 10° APUTHEIIDrr A
ery interesting that the actual defect density can be extractec i 8 0 ”
using a very simple structure such as a lightly doped poly-Si 10 10 10 10
film and a very easy measurement such as that of electric con Dopant Density (cm’s)

ductivity. . . L. . Fig. 7. Comparison of the carrier densities and potential barrier heights ob-
As shown in Fig. 6, it is found that the simulated depen- tained using the device simulation and analytical method. The difference

dence of the electric conductivity agrees with the experimen-is caused by the (1) energy distribution and partial occupation of the grain
tal one. This is a part of the evidence suggesting that thisbou_ndary defects, (2) partial ionization of the dopants and (3) gradual de-
simulation has correctly handled the mechanism of the car-P'¢i°"

rier transport in the poly-Si films. However, there are still

differences between the simulated dependence of the electric o ]

conductivity and experimental one, particularly for a laser erfléfects are not distributed at one fixed energy level, but are
ergy such as 220 mJ/@nand a low dopant density such asdistributed continuously in the energy. Moreover, only some
1 x 108 cm2 and for a laser energy such as 460 m¥/amd of the grain boundary defects trap the free carriers and are
a high dopant density such asx110tcm~3. The authors charged according to the occupation probability. The differ-
believe that one reason for the difference under the form&nce between the device simulation and analytical methods
condition is the error in the experiment. It is difficult to mea-caused by this phenomenon is conspicuous when the defect
sure small electric current under this condition because ti§&1€rgy is similar to the Fermi level. This condition occurs
variation between different devices, which may be caused Byen the potential barrier height is near its maximum value
contamination of impurities, is large and fluctuation durin@c@use the midgap comes close to the Fermi level due to
the measurement, which may be caused by the dynamic noR@nd bending at the grain boundary and the grain boundary
of trap-detrap of defect® and by local Joule heating, is a|sofjef_ects are distr?butt_ad around the midgap. This diﬁgrence is
large. The authors believe that other reasons for these difféfdicated by (1) in Fig. 7. In the analytical method, since all
ences are the assumptions in the device simulation. First, t§eain boundary defects are assumed to be charged, the po-
carrier transport occurs in three-dimensional structures in th@ntial barrier is relatively high. On the other hand, in the
actual poly-Si films® The carrier transport is winding be- device simulation, since only some of the grain boundary de-
cause the grain boundaries compose networks. However, iftS are charged according to the occupation probability, the
assumed that the carrier transport occurs in one-dimensiof&tential barrier is relatively low. The second phenomenon
structures in the device simulation. Second, the grain sizeifs the partial ionization of the dopants. Only some of the
different for every grain in the actual poly-Si films. Howeverdopants are ionized according to the ionization rate. The dif-
it is assumed that the grain size is the same for every graifrénce is conspicuous when the dopant energy is similar to
in the device simulation. In particular, as the laser energi® Fermilevel. This condition occurs when the dopant den-
becomes higher, not only the grain size but also its variaticHtY i high because the Fermi level comes close to the bottom
tends to become larger. If there is a small grain region in tHf the conduction band and the dopant energy is 0.04 eV be-
three-dimensional path of the carrier transport, this region [§W the bottom of the conduction band. This difference is
dominant for the electric conductivity and lowers it. The aulndicated by (2) in Fig. 7. In the analytical method, since all

thors believe that this is main reason for the difference und€f the dopants are assumed to be ionized, the carrier density
the latter condition. is relatively high. The space-charge density is relatively high,

the space-charge region is relatively narrow, and the potential

5.2 Comparison between device simulation and analytical ~ Parrier is relatively low. On the other hand, in the device sim-
method ulation, since only some of the dopants are ionized according

Figure 7 shows the comparison of the carrier densities aftg the i_onization rate, th_e potential barrier is r_elatively high.
potential barrier heights obtained using the device simulatio'® third phenomenon is the gradual depletion. As shown
and analytical methof® The device simulation is more reli- i Fig- 3, the poly-Si films are not depleted abruptly near the
able than the analytical methods, since the device simulati§iain boundaries, but are depleted gradually, that is, the car-
can accurately handle phenomena, which are neglected or &Y density decreases gradually. The difference is conspicu-
proximated in the analytical methods. The first phenomend?f'S When the bottom of the conduction band is similar to the
is the energy distribution and partial occupation of the graif€Mi level. This condition also occurs when the dopant den-

boundary defects. As shown by eq. (1), the grain boundar%V‘y is high. This difference is indicated by (3) in Fig. 7. In
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10° - to process diagnostics. As described above, the mechanism
’g 102} of the carrier transport through the grain boundaries in the
C 10 } poly-Si films is simpler than that in poly-Si TFTs, it is eas-
2 ier to fabricate lightly doped poly-Si films than to fabricate
2 1 i poly-Si TFTs, and the actual defect density can be extracted.
2 107 } Therefore, the evaluation of lightly doped poly-Si films can
S 102 } be a very simple, quick and therefore useful method for the
T 10° | process diagnostics.
3 Y In the lightly doped poly-Si films, the free carriers are gen-
) 107 F Simulation e erated by the dopants. On the other hand, in the poly-Si TFTs,
43 10° / the free carriers are generated by the application of gate volt-
u;'j 107 age. However, the phenomena are analogous when the carrier

107 T T density in the poly-Si films is the same as that in the poly-

Si TFTs. In the subthreshold region of the poly-Si TFTs, the
10" 10 10* 107 free carrier density at the oxide-silicon interface is estimated
Dopant Density (cm™) to be on the order of £8-10'6cm~31") which corresponds
, , , . _ , _to a dopant density below 3cm~3, as shown in Fig. 4. The
Fig. 8. Comparison of the electric conductivities obtained using the device . L L
simulation and analytical method with the experimental electric conducti\}—)qtem'aI barrier |_ncreases as the dopant density mcreaseS. for
ity. The difference is caused by the (1) energy distribution and partial odhis dopant density. Therefore, the large subthreshold swing
cupation of the grain boundary defects, (2) partial ionization of the dopanfsarameter of the poly-Si TFTs may be caused not only by
and (3) gradual depletion. trapping and reducing free carriers, but also by forming po-
tential barriers and interfering with carrier movement. On the
other hand, in the on region, the free carrier density is esti-
the analytical methods, since the abrupt depletion approximgrated to be on the order of ¥8-10'°cm—3,1”) which corre-
tion is utilized, the space-charge density is relatively high, theponds to a dopant density above'®idm—3. As shown in
space-charge region width is relatively narrow, and the potepig. 5, the electric conductivity dramatically changes as the
tial barrier is relatively low. On the other hand, in the devicgjefect density changes for this dopant density. Therefore, the
simulations, since the gradual depletion is utilized, the poten-current of the poly-Si TFTs strongly depends on the defect
tial barrier is relatively high. density. It is important to reduce the defect density in order to
Figures 8 shows the comparison of the electric condugmprove the on-current.
tivities obtained using the device simulation and analytical With respect to future research, the authors would like to
method9) with the experimental electric conductivity. The measure the dependence of the electric conductivity on tem-
difference is caused by the three phenomena described abgygrature and calculate the activation energy with variations of
As indicated by (1) in Fig. 8, the simulated electric conductivthe dopant density for the lightly doped poly-Si films or vari-
ity is much higher than the analytical one for a dopant densitytions of the gate voltage for the poly-Si TFTs. Since the po-
below 5x 10'8cm™3. This is because the simulated potentential barrier height is reflected by the activation energy, the
tial barrier is lower than the analytical one, as indicated byesults of this paper will be confirmed by this measurement.
(1) in Fig. 7. As indicated by (2) and (3) in Fig. 8, the sim-
ulated electric conductivity is much lower than the analyticah cknowledgements
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