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The successful development of digital radiography depends, to a large extent, on the 
availability of suitable x-ray photoconductors. The x-ray photoconductive nanocom- 
posites reported here combine the advantages of both inorganic and organic com- 
pounds. An inorganic compound was finely dispersed in an organic polymer. The in- 
organic compound, with its large x-ray absorption efficiency, functioned as the x-ray 
absorber, and the polymer provided good dielectric properties and ease of thin-film 
preparation. The preparation procedures and the x-ray photoconductive properties of a 
specific example, a 50 percent by weight nanocomposite of bismuth triiodide and 
nylon-11, are discussed in detail. 

Nal loc rys ta~  and nanocomposite researcl~ 
represents an  important emerging area in 
~llodern materials science (1-8). Nanocom- 
posites are defined as composites in tvhich 
one com~>onent has iiolllaill slzes slllaller 
than tens of nanometers, down to the 1110- 

lecular size regime. T h e  synergistic comb~na-  
tion of inorganic and organic compouniis in 
a nanocomposite not only can improve the 
existing material properties hut also can cre- 
ate netv functionalities that do not exist for 
either material alone. Here, n.e report the 
prepasatloll and the x-ray photoconductive 
properties of nanocomposites consistillg of 
hismut11 triioiiide (Bi l i )  finely dispersed in 
nylon-1 1 ,  [-Nkl-CO-(Ckl?) ,,-I,,. Nei- 
ther Bil, nor nylon-11 alone shonrs such 
x-rav uhotoconducti\,itv. ~ v h i c h  is one  of , 

the  technologies being ile\,eloped for illg 
ital r ad ioe ra~hv .  

- L ,  

Radiography has heen used for over 90 
years to capture meiiical images ( 9 ) .  In con- 
\~ention:d radiography, the  x-ray Image is 
captured o n  a flat sheet of phosphor mate- 
rial that emits light tvhen stimulated hy 
x-rays. T h e  light elll~tteil by the screen ex- 
noses a silver halide fill11 that stores the 
image. This lllethoii is one of the  major 
Jlaenostic tools in health care that IS still in - 
analog format, whereas, for example, mag- 
netic resonance ~maging anil computeil ax- 
ial tomography are both "all-digital" tech- 
niilues. Therefore, the  iievelopment of dig- 
ital radiography is highly desired and IS 

beillg actively pursued. 
O n e  fornl of digital railiography current- 

ly uniler ilevelopment uses x-ray-sensitive 
photoconiluctors ( l L1-12). A useful x-ray 
photoconductive material must have the 
follonr~ng properties. First, it ~ l n ~ s t  he a good 
insulator in  the dark and must he capable ot 
sustaining high electric fields (10' to lo6 V 
cm-I).  Second, it must have a large x-ray 
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ahsorpt~on cross sectloll and high charge 
generatioll efficiency. Finally, the generat- 
ed carriers 11nlst move through the fill11 
tvithout significant trapping. In  spite of 
many years of research, at  resent S e  is the  , , , L 

only usef~ll x-ray photoconductive material 
that may meet these challenging require- 
ments (10-13). It also has many iiranhacks. 
T h e  x-ray ahsorption effic~ency of Se is not 
part~cularly high. Good-cluality Se thin 
films, tvithout carrier trapping sites, are no- 
toriously cl~fficult to prepare. T h e  toxic~ty of 
Se and its safe handling are also of great 
COncerlI. 

There  are several reasons ~ v h y  there are 
such ilifficulties associated tvith the  devel- 
opment  of new x-ray photoconducti\,e ma- 
terials. Although Inany heavy elemcnt- 
contaillillg inorganic compounds such as 
Bil, absorb x-ray photons effic~ently,  ~t is 
d~ff icul t  to fabricate them into large-area, 
good-iluality t h n  films. Furthermore, they 
~ ~ s u a l l y  have high dark conductivity at  
SOOIII temperature and cannot  sustain a 
large electric f ~ e l d .  O n  the  other h a n J ,  
polymers call he fabricated into good-clual- 
ity th in  films, have low dark c o n d u c t ~ v ~ t y ,  
and have good dielectric properties but are 
illefficiellt x-rav absorhers. T h e  comaios~te 
approac l~  reported here comhines the  ad- 
vantages of hot11 the  organic and inorgan- 
1c compo~lllils. 

A numher of criteria neeil to be met fol 
this approach to ivork: 

1 )  T h e  com~msite should he a nano- 
composite-that is, ilonlain sizes should be 
17ery small. Mechallical mixing anii the  
pressing together of large (micrometer- 
sized) inorganic particles and poly~ners has 
heen s h o n ~ ~  to  he ineffecti\,e. Such cornnos- 
ites cannot support large electric fields and 
~ ~ s u a l l y  contall1 a large m ~ m b e r  of deep car- 
rler traps (3 ,  14).  

2 )  Because of the  dilution effect of the  
polymer, the \,olume fraction of the inor- 
ganic colllpollellt must he high enough to 
ensure that the  total x-ray alisorntion re- 
luxills stro~lg. For example, in the case of 

the  Bi1,-polymer, tve have calculated that 
-65% by weight Bil; is recluired in oriier for 
the x-ray ahsorption at 62 keV (tungsten 
radiation) of the  co~nposite to be compara- 
hle to that of Se. S ~ l c h  a large amount of 
illorganic compounil must he disperseii into 
the  polymer, ivhile maintaining the poly- 
mer's lnechanical and dielectric strength 
and yet avoiiling the formation of carrier 
traps. 

3 )  T h e  composite must he a gooil elec- 
t ron or hole transport material. This  lnay 
he achieved by the  use of a carrier-trans- 

porting polymer such as N-polyvinylcarba- 
role or a polysilane (14) .  Alternatively, 
inorganic nanopar t~cles  may percolate to- 
gether to f i r m  a conducting pathnray a t  
high concentrations.  

'We have developed a numher of inor- 
ganic-polymer nanocomposites that  may 
f ~ ~ l f i l l  these recluirements, and nre discuss 
the  case of Bi1,-nylon-11 in detail here. 
Bismuth triioiiide is a layered material 
with octaheilral coorciination of the  Bi 
(15) .  Intercalation or coordination chem- 
istry call be used to  exfoliate these layered 
materials into discrete molecular species 
(16) ,  tvhich allon.s the  subsequent easy 
preparation of nanocomposites. 'We chose 
nylon f i x  the  production of these compos- 
ites nrith Bil, because the  polyamide moi- 
ety is very colnpatihle tvith the  knotvn 
solubility properties of Bil,. T h e  fijrmation 
of Letvis base adducts of Bil, tvith amides, 
ethers, anil S liganiis is tvell documented 
( 16) ,  ~ v h i c h  accounts for the  high sohhi l -  
~ t y  of Bili as orallge molecular cooriiina- 
t ion complexes in  alnide solvents. W e  
f i~und  that  Bll, a t  50% hy welght dissolved 
tvell in all polyamides n.e ~nvestigated (ny- 
lon-6; -6,6; -1 1; -12) .  This  strong coorili- 
nation of Bi with the  amide linkages of the  
polymer (with consequent ilisruption of 
the  polylner hydrogen-bonding netnrork) 
may also explaill t he  marked reduction in 
polymer lllelt viscosity that  we have ob- 
ser\,eii. Nylon-11 has a relati\,ely lonr 
~lleltillg point (198OC) compared to that  
of other nylons, t v h ~ c h  allows r e l a t ~ ~ e l y  
Ion,-temperature processing and minimizes 
thermal ilegradation and c~xidation. 

W e  prepared the Bil,-nylon-l l nano- 
conlposlte hy iiissolv~ng Bil, potviier (from 
Alh, Ward Hill, Massachusetts; 99.999% 
pure, P~~ra t ron ic  graiie; recrystallized froin 
tetrahydrof~~ran under N 2 )  in a lllelt of ny- 
1011-1 1 (previously dried under vacuum at 
150°C to remove moisture) at 190" to 200°C 
~lniler N2 for 5 to 15 nlin to give a thick, 
clear orange solut~on. W e  made thick f i l m  
(from hn~nilreds of llllcrolneters to m~llime- 
ters thick) of the nanocomposite by pressing 
the viscous melt onto a conducti\,e substrate 
[such as A1 or In-tin oxide ( ITO)  coniiuct- 
illg glass] under N Z  and allotving it to cool to 
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a deep red-orange to black material. 

X-ray diffraction patterns of 50% by 
weight Bil3-nylon-ll and 75% by weight 
Bil3—nylon-11 prepared by the above 
method were obtained. For the 50% Bil3-
nylon-11 sample, we observed only broad 
background scattering without any signif­
icant signals attributable to Bil3 crystal­
lites (Fig. 1A). We have established that it 
is possible to detect —16 A CdS nanoclus-
ters in a 1% by volume concentration in a 
polymer film a few micrometers thick 
(17). Because Bil. is much heavier than 
CdS and our sample was 500 |mm thick, 
the detection sensitivity of the Bil3—ny­
lon-11 should be even higher. Any Bil3 

crystallites larger than —15 A with a con­
centration of > 1 % by volume would have 
been easily detected. The absence of any 
Bil3 x-ray diffraction peaks in the 50% by 
weight Bil3—nylon-11 sample therefore in­
dicates that it can be identified as a true 
nanocomposite, with an upper limit of 
— 15 A on the domain size of the majority 
of the Bil3 crystallites. 

Although bulk Bil3 is black, the 50% by 
weight Bil.-nylon-11 composite is orange-
red and transparent. Both the color and the 
transparency indicate that Bil3 is finely dis­
persed. The absorption spectrum of the 
composite shows a peak at 497 nm, which is 
blue-shifted from the direct band gap, Eg, of 
bulk Bil3 located at 654 nm (Fig. 2). Also 
plotted for comparison in Fig. 2 is the spec­
trum of Bil3 dissolved in N,N-dimethylfor-
mamide (DMF) solution [assigned to the 
Bil3-DMF molecular adducts (16)], which 
shows an absorption peak at 406 nm. Ex­
amination of the sample with transmission 
electron microscopy revealed a small per­
centage of Bil3 nanocrystallites from 2 to 5 
nm in size. However, most of the Bil3, 
which constitutes —14% by volume of the 
sample, is not visible, as expected if Bil3 is 
finely dispersed in nylon and if the domain 
sizes are very small. 

As the concentration of Bil3 was in­
creased to 75% by weight, diffraction peaks 
attributable to Bil3 crystallites appeared 
(Fig. IB). In this case, the sample appeared 
clear and homogeneous in the molten state, 
but, after cooling, micrometer-sized, hexag­
onal Bil3 crystallites could be clearly ob­
served with an optical microscope. It should 
be possible to control the kinetics or use 
capping chemistry (1-8) to reduce the Bil3 

crystallite size at 75% by weight and higher 
concentrations. We focused our x-ray pho­
toconductivity study on the 50% by weight 
Bil3-nylon-ll sample. 

X-ray photoconductivity was character­
ized by the standard x-ray-induced discharge 
method {10, 13). An x-ray photoconductive 
film was cast onto a conductive substrate (for 
example, Al or ITO glass) by spin-coating or 
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Fig. 1 . X-ray diffraction of (A) 50% by weight 
Bil3—nylon-11 and (B) 75% by weight Bil3-nylon-
11 with Cu a radiation; 0 is the angle of incidence 
of the x-ray beam. 

thermal pressing. The films used here typi­
cally had a thickness of several hundred mi­
crometers. The surface of the film was then 
charged by a corona charger (Monroe Elec­
tronics model 152A Coronatrol). The 
amount of charge on the film was measured 
by an electrostatic voltmeter (Monroe Elec­
tronics model 244). Upon exposure to x-
rays, electrons and holes are generated in the 
film, and these migrate to the film surface to 
discharge. The discharge rate correlates with 
the charge generation efficiency {10, 13, 
14), and the completeness of the discharge 
indicates the absence of carrier traps. All of 
the data were taken with a Bennett x-ray 
unit (Copiagne, New York) equipped with a 
Mo target running at 28 kV, 100 mA, in a 
long filament mode. The output x-rays were 
further attenuated by Al disks 0.8 mm thick. 
The effective x-ray photon energy with the 
Al filter was 17.4 keV, based on the known 
absorption coefficient of Al. A high-quality, 
300-|ULm-thick Se film on ITO glass was used 
as a reference. 

X-ray-induced discharge curves of a 
50% by weight Bil3-nylon-ll film 550 |mm 
thick were compared with those of a 300-
|ULm Se film, both with positive charging 
(Fig. 3). The Bil3-nylon-ll film could be 
charged up to ~10 5 V c m - 1 (limited by 
the corona supply), which indicates its 
good dielectric strength. In the absence of 
x-rays, the dark decay is slow even under 
such high fields (Fig. 3). These superior 
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Fig. 2. The absorption spectra of (curve A) Bil3 

dissolved in DMF and of (curve B) the 50% by 
weight Bil3—nylon-11 nanocomposite. The bulk 
band gap, E , of Bil3 is marked by the arrow at 
654 nm. 
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Fig. 3. X-ray-induced discharge curves of a 
550-|jim 50% by weight Bil3—nylon-11 film (solid 
lines) and a 300-|jim Se film (dotted lines) at (A) 
~-2 x 1 0 3 V c m " 1 and (B )2 x 1 0 4 V c m " 1 . 

dielectric properties cannot be achieved 
with Bil3 alone but are expected from 
polymers. With x-ray irradiation, the Bil3-
nylon-11 sample showed fast and complete 
discharge (Fig. 3). The discharge curves 
are linear over their major portions. At 
low field, its discharge rate is comparable 
to that of Se (Fig. 3A). At higher field, 
the discharge rate of the composite is 
slower than that of Se (Fig. 3B). 

The field dependences of the discharge 
rate (the initial slope of the discharge 
curve) for these materials were also com­
pared (Fig. 4). Below ~ 6 X 103 V cm"1 , 
the discharge rate of the Bil3-nylon-l 1 
sample was comparable to that of Se (Fig. 
4A). At higher fields, the discharge rate of 
the sample levels off, whereas that of Se 
continues to increase. The initial dis­
charge rate correlates with the charge gen­
eration efficiency {10, 13, 14), and there­
fore we attribute the field dependence to 
electron hole recombination within the 
"spurs" or "blobs" (regions where the elec­
trons and holes are concentrated) {18). 
Evidently, an applied field of ~ 6 X 103 V 
c m - 1 is sufficient to overcome this elec­
tron hole recombination process for 50% 
by weight Bil3-nylon-l 1, although larger 
fields are needed for Se. The 50% by 
weight Bil3-nylon-ll material is also a 
good x-ray photoconductor with negative 
charging—that is, it is capable of trans­
porting electrons (Fig. 4B). As in the case 
of positive charging, at fields smaller than 
~ 6 X 103 V cm - 1 , the discharge rates are 
comparable to those of Se, whereas they 
level off with larger fields. 
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Fig. 4. Field dependence of the initial slopes of 
the discharge curves for 50% by weight B i l 3 -
nylon-11 (•) and Se (+) samples with (A) positive 
charging and (B) negative charging. 

SCIENCE • VOL. 273 • 2 AUGUST 1996 633 



1\Tylon-l1 itself is not  a carrier-trans- 
porting material. T h e  ohserveil ability of 
B11,-nylon-11 nanocompos~tes  to  trans- 
port 170th e lect ro~ls  and holes is the  result 
of the  nresence of Bill. T h e  al~ili tv to 
sustain h ~ g h  field ancl the  101v dark con-  
d u c t ~ r i t y  (Fig. 3 )  shon. that  the  composite 
is not  a n  ionic s o l d .  T h e  conduction 
~ n e c h a ~ l i s ~ n  is electronic rather than  i o n ~ c .  
A t  a 50's hy weight loading level (-14?6 
hy volume), the  coneduction pathn.ay can  
he established upon the  of Ril; 
domains. Electro~ls and holes can  then  
hop along the  Ril, domains. T h e  transport 
mechanism should he very si1111lar to  the  
disorder t r ans~mr t    nod el estahl~shed for 
anline-iloped E>olymers ( 19).  

T h e  leveling-off of the  discharge rate 
~ i t h  large fields (Figs. 3 anil 4)  results 
fro111 the  l i~ni ted anlount of x-rav-ahscirl7- 
ing Bll, present in the  compos~tcs .  T h ~ s  
can  lilllit not  ci~lly the  n ~ l m h e r  of x-r,ly 
ahsorrtioll centers per u n ~ t  volume hut 
also the  cllaree eelleratloll efficlencv. Af- - .  

ter x-ray ahsorp t~on  hy B I ~ , ,  t he  electron- 
hole palr? are generated 111ostly In the  
polynler ~na t r ix  (-86% by volume), which 
has a large band gap and which may have 
l o ~ r e r  cllarge generatlcin efficiency [it has 
heen s h o ~ r n  that the  electron-hole gener- 
atloll efflc~ency is ~nversely proportio~lal 
to E,, (2C) l .  Clearly, a Illore eff~cient  x-ray 
pho&conductor ~ 1 1 1  result ~f t he  Bil, con-  
centratloll 111 the  co~nposi te  call he in- 
creased ~vh l l e  ~ t s  fme disyers~on IS m a ~ n -  
t a ~ n e d .  As pointed o i ~ t  in  Fig. l B ,  s~ lnp le  
cooling of a melt with 75% hy weight Bil, 
results 111 micrometer-sized Bili crystal- 
lltes. K1e have ver~f ied that  the  charge 
generation efficie~lcy of the  75?6 sa~llple IS 

reduceJ as colllpared to  that  of the  50'% 
sample. Therefore, techniilues need to  he 
de\reloped to  h i t  t he  g r o ~ r t h  of Ril, crys- 
tallites to the  nanoslze reginle. Many such 
tech~l ic~ues  have been de~no~ls t r a t ed  111 sii- 
liltion phase (1-8) ancl could l ~ e  esteniled 
to  this problem. 

Othe r  inorgan~c-polymer c o ~ n b i ~ l a t i o ~ l s  
coulcl also be explored. Our  search has lei1 
us to  several additional x-ray photocon- 
ductive ~la~locolllposites ~ v i t h  inorganic 
conlpoi~nds such as Pbl, and Hgl, ancl 
polymers such as N-polyvi~lylcarl~azole 
and polystyrene. T h e  threshold concentra- 
tions for the  formation o i  large i~ lo rga~ l i c  
crystall~tes are lorver for these composites 
than  for Ril,, l~ecause of the  weaker inter- 
action hetween the  illorga~lic compouncls 
and the  polymer. ;\/laxima1 interaction he- 
t ~ r e e n  the  inorga~lic compouncls and pol7.- 
lllers therefore seems to  l ~ e  a n  important 
design element.  Alternati\~ely, one  could 
synthetically attach strong s-ray-ahsorl7- 
~ n g  i~lorganlc  lan no clusters directly to the  
po lymer .  
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A Fluted Point from the Uptar Site, 
Northeastern Siberia 

Maureen L. King* and Sergei B. Slobodin 

Lanceolate bifacial points, including one fluted specimen, have been collected from 
beneath an early Holocene tephra at the Uptar site, northeastern Siberia. Thus, the 
technology associated with the well-known Paleoindian tradition was not confined to the 
Americas. The Uptar collection does not compare readily with other Beringian complexes 
and demonstrates that there is greater diversity in the archaeological record of north- 
eastern Siberia than traditional colonization models imply. 

D u r l n c  the  Pleistoce~le e ~ ~ o c h  far north- - 
Irestem North  America w a  the eastern 
part of a vast sul~continent,  n a ~ n e d  Ber- 
ingia, that c o ~ l ~ l e c t e d  the Old and New 
K'orlds. T h e  Bering Land BriJge provided a 
major ya th~ray  for the  exchange of plants 
and a ~ l l ~ n a l s  as ~vel l  as a cLirr~dor fc~r the 
entry of early peoples to North  America 
(1 ) .  By a l ~ o i ~ t  11,000 to 10,000 rail~ocarhon 
years hefore the present (years B.P.), the 
land hridge mas suhmerged and the  western 
and eastern relnllallts of Rerincia a w l n  be- 

&,  ~ 

came t~vci separate geographic reglolls (2 ) .  
Presum~nc a n  overland entry for early col- 
onizers of the  Amer~cas ,  the  rvcstern rem- 
nant  of Beringla (northeastern Siheria) n.as 
the point of departure. 

T h e  earliest fir~vlly ilcicumenteil tr,lcIitian 
in the  New World, the Pa leo~~ld ian  traiii- 
tiou (11,200 to 8500 years B.P.), hegins 
\\it11 a clist~nctive serles of i l i~ted lanceolate 
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h~facial ~ ~ o ~ n t s .  Data from northe,rstem SI- 
heria are tcic f e ~ r  to ~nilicate much about 
the colonizat~on of Reringia (3) ;  ho~rever ,  
the  earliest firmly ~loci~mentei l  trail~tion in 
eastern S~her i a  ( the  Upper Palecil~thic Di- 
uktai culture from the Aldan hasin, 35,000 
tci 10,000 years B.P.) (4)  is thought (5-7) to 
bear l ~ t t l e  resemhlxlce to Paleoindim tra- 
~lit lons.  T h e  origin of fluting has heen con- 
tri)vers~al and involves a debate not onlv 
ahout the  source of a ciistincti\.e technolo- 
gy, l ~ i ~ t  also ahout the peopli~lg of the Amer- 
icas (8). 

Here, we Jcsc r~he  excavations at the 
Uptar site in ; \ / l ;rgada~~ Oblast, northeastern 
Siheria (Flg. l ) ,  incl~rding a stone tool as- 
semhlage with lanceol'lte hlfaces and a tlut- 
eil p o ~ n t .  T h e  Uptar site is 40 k111 110rth of 
klagadan in a tectonlc basin hordered to 
the  north 1'y the Koly~lla Upland anil to the 
south bv the  Okhotsk Sea. A t  -160 111 

 hove sea lelrel, the site is o n  a fli~\rial 
terrace 4 to 5 111 above the 11~oder1l flood- 
plain of the Uptar River, a trihi~tary of the 
Arman River. T h e  site lras discovered in 
1984, anci subseili~ent surface collectio~l and 
e x c a v a t ~ c ) ~ ~  have taken place over a n  area of 
32 111' (9) .  

A 2- to 10-cm-thick deposit of the  
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