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FORMING A SOLUTION CONTAINING
A GROUP III METAL AND A GROUP V ELEMENT

FORMING A BINARY SURFACTANT MIXTURE COMPRISING A HIGH BOILING
LIQUID MIXTURE OF TWO NON-REACTIVE ORGANIC SURFACTANTS
INCLUDING A PHOSPHORUS-CONTAINING ORGANIC ACID SURFACTANT

HEATING THE SURFACTANT MIXTURE TO A FIRST TEMPERATURE
SUFFICIENTLY HIGH TO FORM NUCLEATION CRYSTALS WHEN THE GROUP
Ill AND GROUP V SOLUTION IS ADDED

ADDING TO THE HEATED MIXTURE THE SOLUTION CONTAINING THE
GROUP III AND GROUP V PRECURSORS TO CAUSE NUCLEATION OF GROUP
III-V SEMICONDUCTOR NANOCRYSTALS

REDUCING THE TEMPERATURE OF THE SURFACTANT MIXTURE TO A
SECOND TEMPERATURE DURING OR AFTER THE ADDITION OF THE
SOLUTION OF GROUP III-V PRECURSORS TO PERMIT CRYSTAL GROWTH ON
THE NUCLEATION CRYSTALS

CONTROLLING THE SHAPE OF THE GROUP III-V SEMICONDUCTOR
NANOCRYSTALS BY CONTROLLING THE CONCENTRATION OF THE
PHOSPHORUS-CONTAINING ORGANIC ACID SURFACTANT IN THE
SURFACTANT MIXTURE

THEN FURTHER LOWERING THE TEMPERATURE OF THE MIXTURE TO STOP
FURTHER GROWTH OF THE SEMICONDUCTOR NANOCRYSTALS
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PROCESS FOR FORMING SHAPED GROUP

semiconductor nanocrystals Wherein siZe control is achieved
through use of a crystallite groWth terminator Which controls

III-V SEMICONDUCTOR NANOCRYSTALS,

the siZe of the groWing crystals. Crystallite groWth termi

AND PRODUCT FORMED USING PROCESS

nators are said to include a nitrogen-containing or a

phosphorus-containing polar organic solvent having an

CROSS-REFERENCE TO RELATED
APPLICATION

unshared pair of electrons. The patent states that this groWth
terminator can complex With the metal and bind to it,
thereby presenting a surface Which Will prevent further

This application is related to US. patent application Ser.
No. 09/499,095, entitled, PROCESS FOR FORMING
SHAPED GROUP II-VI SEMICONDUCTOR NANOC
RYSTALS AND PRODUCT FORMED USING PROCESS,
Which Was ?led on Feb. 4, 2000, now US. Pat. No.

crystal groWth.
10

6,225,198 B1 and is assigned to the assignee of this inven
tion.
The invention described herein arose in the course of, or 15

under, Contract No. DE-AC03-SF00098 betWeen the United

States Department of Energy and the University of Califor

Alivisatos et al. US. Pat. No. 5,505,928, Which contain
20

di-, and tri-(C1_6alkyl)phosphine, e.g., PH2CH3) PH(CH3)2P
(CH3)3> PH2(C4H9)> PH(C5H11)2> and P(C6H13)3; and
C1_6alkylphosphites such as P—(OCH3)3, P—(OC2H5)3,
and P—(OC3H7)3.

1. Field of the Invention
This invention relates to a process for making shaped
25

from. More particularly, this invention relates to a process

for controlling the shape of Group III-V semiconductor
nanocrystals during the formation of same.
2. Description of the Related Art

3-ethylpyridine, 4-chloropyridine, collidine,

phosphorus-containing materials include phosphine, mono-,

BACKGROUND OF THE INVENTION

semiconductor nanocrystals and a resulting product there

include nitrogen-containing aromatics or heterocyclics such
as pyridine, quinoline, pyrimidine, imidaZole and the
purines and benZoimidaZoles, as Well as 2-methylpyridine,

dimethylquinoline, and the like.
Group III-V crystallite groWth terminators described in

nia for the operation of the Ernest Orlando LaWrence

Berkeley National Laboratory. The Government may have
rights to the invention.

Examples of suitable nitrogen-containing materials Which
can serve as such Group III-V groWth terminators are said to

Since Group III-V semiconductor nanocrystals are of
interest for use in optical displays, as Well as in biological
applications, it Would be desirable to provide a process for
control of shape as Well as siZe groWth of such Group Ill-V

semiconductor nanocrystals Wherein the shape (aspect

rystals are formed by dissolving a Group III precursor and

ratio), as Well as the particle siZe, groWth rate, and particle
siZe distribution, can be reproducibly controlled, Whereby,
for example, spheres or rods of semiconductor nanocrystals

a Group V precursor in a solvent and then applying heat to

of controlled dimensions could be formed in a controllable

the solvent and the precursors therein.. For example, Group
III-V semiconductor nanocrystals may be formed by dis
solving a dialkyl of the Group III metal and a Group V
poWder in a trialkyl phosphine solvent at ambient
temperature, and then injecting the mixture into a heated

and repeatable manner.

30

Semiconductor nanocrystals, such as Group III-V nanoc

35

In accordance With the invention, a process for the for

mation of shaped Group III-V semiconductor nanocrystals
comprises contacting a solution of the semiconductor nanoc

(340° C.—360° C.) bath of tri-octyl phosphine oxide

(TOPO).

40

While the just described process is capable of producing
Group III-V semiconductor nanocrystals, the results can be
someWhat erratic in terms of average particle siZe and siZe
distribution. While it is not certain Why the process is not

alWays reproducible, it is believed that impurities in the
technical grade (90% pure) TOPO may be adversely in?u

45

The sole FIGURE is a How sheet describing the process
of the invention.

is also desired, apparently because the pure TOPO binds too

Weakly to the groWing crystallites and only Weakly associ

DETAILED DESCRIPTION OF THE
INVENTION

ates With the Group III metal to act as a groWth retardant,

resulting in the groWth of spheres rather than any other
desired shapes. Apparently, the presence of impurities in the

a. Introduction
55

Group III-V semiconductor nanocrystal groWth in technical
grade TOPO. The groWth of rod-like semiconductor crystals
has been reported by W. Z. Wang et al. in “Synthesis and
CharacteriZation of MSe (M=Zn, Cd) nanorods by a NeW

The invention comprises a process for the formation of

shaped Group III-V semiconductor nanocrystals comprises
contacting a solution of the semiconductor nanocrystal pre
cursors With a liquid media comprising a binary surfactant
60

tions 1999 Mar, Vol. 2, N3:83—85. HoWever, the rod-shaped
crystals are out of the con?nement region, i.e., are not of

mixture capable of promoting the groWth of either spherical
nanocrystals or rod-like nanocrystals, Whereby the shape of
the semiconductor nanocrystals formed in said binary mix
ture of surfactants is controlled by adjusting the ratio of the
surfactants in the binary mixture.

nanocrystal dimensions.
Alivisatos et al. US. Pat. No. 5,505,928, by one of us With

another, and assigned to the assignee of this invention, and
the subject matter of Which is hereby incorporated by
reference, describes a process for forming Group III-V

tor nanocrystals formed in the binary mixture of surfactants
can be controlled by adjusting the ratio of the surfactants in
the binary mixture.
BRIEF DESCRIPTION OF THE DRAWINGS

particularly When control of the shape of the particle groWth

Solvothermal Method”, Inorganic Chemistry Communica

rystal precursors With a liquid media comprising a binary
surfactant mixture capable of promoting the groWth of either
spherical semiconductor nanocrystals or rod-like semicon

ductor nanocrystals, Whereby the shape of the semiconduc

encing the reaction. HoWever, substitution of pure TOPO for
the technical grade TOPO has also been unsatisfactory,

technical grade TOPO may result in the erratic success of

SUMMARY OF THE INVENTION

65

b. Semiconductor Nanocrystal Constituents
The precursors used to form the shaped Group III-V
semiconductor nanocrystals are particular Group III and

US 6,306,736 B1
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Group V precursors used to form Group III-V semiconduc
tor nanocrystals. Thus, by use of the term “semiconductor
nanocrystal” is meant a nanocrystal comprising the reaction

oxides (e.g., trioctyl phosphine oxide—TOPO). To avoid the
introduction of impurities Which may have an unpredictable
effect on the reaction, the organic surfactant capable of
promoting the formation of spherical semiconductor nanoc
rystals should preferably have a purity of at least 99 Wt. %.
The second organic surfactant in the binary mixture may
be de?ned as any liquid surfactant capable of being heated
to such crystal-groWing temperatures and Which further

of at least one particular Group III metal With at least one

particular Group V element. It should be noted here that the
expression “at least one” is used in recognition of the fact
that, for example, a particular Group III metal precursor may
be reacted With more than one particular Group V precursor,

e.g., GaAsP, and vice versa. The purity of the particular
Group III and Group V precursors should be at least about
99.9 Wt. % to avoid introduction of impurities into the

promotes the groWth of rod-like shaped semiconductor
10

reaction Which could have an effect on control of the groWth

of the semiconductor nanocrystals.
By use of the term “particular Group III metal” is meant
aluminum, gallium, or indium (Al, Ga, or In). By use of the
term “particular Group V element” is meant phosphorus,

15

arsenic, or antimony (P. As, or Sb).
20

having dimensions not exceeding about 20 nm, and prefer
ably not exceeding about 10 nm, along at least 2 axes of the
crystal. It should be noted that the above de?nition of the
term “nanocrystal” is someWhat different than previous
de?nitions of the term in that this de?nition takes into
account the possibility of some extended groWth of the

present in the binary mixture of surfactants.
Preferably the second liquid surfactant capable of pro
moting the groWth of rod-like shaped semiconductor nanoc

rystals Will comprise certain phosphorus-containing surfac
tant capable of Withstanding such crystal-groWing
temperatures.
Preferably, the second organic surfactant comprises an

c. Semiconductor Nanocrystal SiZes
By use of the term “nanocrystal” is meant a small crystal

nanocrystals With increased percentage of the second sur
factant in the ratio of the surfactants in the binary mixture,
i.e., When a suf?cient amount of the second surfactant is

25

organic-substituted acid surfactant containing phosphorus
such as, for example, phosphonic and phosphinic acids.
Such phosphonic acids useful in the practice of the invention
have the general formula ROP(OH)2> Where R is a 3—18
carbon (but preferably a 6—10 carbon) organic group such as
an alkyl or aryl group, and can be shoWn by the tWo
resonance forms:

nanocrystal along the third axis of the crystal While main
taining the very small dimensions of the other tWo axes,

resulting in the possibility of groWth of a rod-like shaped
semiconductor nanocrystal or quantum rod of very small

30

cross-section (diameter).
d. Binary Surfactant Mixture
By use herein of the term “binary surfactant mixture” is
meant a high boiling liquid mixture of tWo non-reactive
organic surfactants in Which the reaction to form the Group

Phosphinic acids useful in the practice of the invention
35

or different 3—18 carbon (but preferably 6—10 carbon)

III-V semiconductor nanocrystals takes place. The binary
mixture of tWo non-reactive organic surfactants in the binary

mixture is capable of promoting the groWth of either spheri
cal semiconductor nanocrystals or rod-like shaped semicon
ductor nanocrystals, depending on the ratio of the surfac

may include mono and diphosphinic acids having the gen
eral formula R‘RXH(1_X)POOH, Where R and R‘ are the same

40

organic groups such as alkyl or aryl groups, and x is 0—1.
The most signi?cant resonant forms for the mono phos
phinic acid are shoWn as folloWs:

tants.

The binary surfactant mixture referred to above as a high

boiling liquid mixture should have a boiling point suf?cient
to permit it (the binary surfactant mixture) to be maintained

45

at a temperature high enough to permit reaction betWeen the
Group III and Group V precursors to form the desired

semiconductor nanocrystals. Typically, the binary surfactant
mixture has a boiling point suf?ciently high to permit the

The most signi?cant resonant forms for the diphosphinic
acid are shoWn as folloWs:
50

binary surfactant mixture to be maintained at a temperature
of from at least about 200° C., but not exceeding about 400°
C.

The ?rst organic surfactant in the binary mixture may be
de?ned as any liquid surfactant capable of being heated to
such crystal-groWing temperature and Which further pro

55

Typically, the second organic surfactant Will comprise a

motes the groWth of spherical semiconductor nanocrystals
With increased percentage of the ?rst surfactant in the ratio
of surfactants in the binary mixture, i.e., When a suf?cient
amount of the ?rst surfactant is present in the binary mixture
of surfactants.

6—10 carbon alkyl phosphonic acid, e.g., hexyl phosphonic
acid. To avoid introducing uncontrollable impurities into the
reaction Which could have an effect on control of the groWth
60

Preferably the ?rst liquid surfactant in the binary mixture
Will comprise a phosphorus-containing surfactant capable of

Wt. %

e. Concentration of Respective Surfactants in

Withstanding such crystal-groWing temperatures. Examples
of such phosphorus-containing liquid surfactants include
liquid surfactants such as 3—18 carbon trialkyl phosphines

(e.g., tributyl phosphine), or 3—18 carbon trialkyl phosphine

of the semiconductor nanocrystals, the purity of the second
organic surfactant in the binary mixture should be at least 95

65

Binary Mixture
While We do not Wish to be bound by any particular
theories as to hoW the surfactants operate in the reaction to

US 6,306,736 B1
5

6

control both the size and shape of the semiconductor

groWth. This temperature, for example, When Group III-V

nanocrystals, it is believed that one or both of the surfactants
in the binary mixture of surfactants binds or associates With
the metal precursor, i.e., the Group III metal, to sloW the

semiconductor nanocrystals are formed in a binary solution

of TOPO and hexyl phosphonic acid, may range from about
250° C. to about 300° C. if the initial temperature ranges
from 280° C. to 360° C.

initial groWth of the semiconductor crystal, thus resulting in
the formation or groWth of the desired nanocrystals, rather
than macro crystals. It is also believed that the second
surfactant in the binary mixture further preferably binds to

certain faces of the growing crystallites, depending upon the
concentration of the second surfactant in the binary mixture,
to control the shape of the groWing crystallite as Well, i.e.,

Subsequent nanocrystal groWth is then stopped by a
further reduction of the temperature to beloW the tempera
ture at Which nanocrystal groWth occurs. Since this tem
perature may vary from precursor to precursor, and precise
10

control of the time period for crystal groWth is desirable,
cessation of the crystal groWth may be conveniently accom

to control Whether or not spheres or rods of semiconductor

plished by rapidly reducing the temperature to ambient

nanocrystals Will form.

temperature or even loWer, e.g., doWn to about 25° C. or

loWer, e. g., by removing the heating mantle, and can be more

With the above in mind, the presence of less than a certain

Weight percentage of the second surfactant in the binary

15

mixture can result in the formation and groWth of generally

air.

spherical nanocrystals. Thus, for example, if tri-octyl phos

g. Concentration of Precursors in Solvent

phine oxide (TOPO) is used as the surfactant in the binary
mixture as the ?rst surfactant to promote the formation of

spherical semiconductor nanocrystals and hexyl phosphonic

The particular Group III and Group V precursors may be
20

acid is used as the second surfactant in the binary mixture,

precursors may be dissolved in the same solvent or may be
25

molar %) in the binary mixture of surfactants, With the

balance comprising TOPO, should produce rod-like shaped
semiconductor nanocrystals.
Thus, to groW nanocrystals having tWo axes of very small
length, With an enlarged third diameter, i.e., a rod of very
small cross sectional area, larger concentrations of the
second surfactant must be used in the binary mixture of
surfactants. Exact concentrations of a particular second
surfactant necessary to achieve a rod-like semiconductor

30

solved precursors therein.
The solution or solutions containing the dissolved pre
cursors are maintained at a temperature beloW crystal

the ?rst (nucleation) temperature. The solution (or solutions)
35

containing the precursors is then injected into the binary
mixture liquid media at a high rate of speed, for example
through a needle or a pressuriZed noZZle, to thereby rapidly
heat the precursors up to the ?rst nucleation temperature.

40

The concentration of the precursors in the high boiling
binary mixture liquid media should initially be about 0. 18
M at the time of initial injection of the precursor solution

into the high boiling binary mixture liquid media.

f. Temperatures of Binary Mixture of Surfactants
Before and After Introduction of Precursor Solution

During the initial introduction of the dissolved Group III
and V precursors, the solution of precursors is injected into

dissolved separately to form tWo solutions. Advantageously,
for purposes of subsequently injecting the dissolved precur
sors into the heated binary mixture of surfactants, it is
preferred to form a single solution containing all the dis

groWth temperature (conveniently at ambient temperature or
loWer), While the binary mixture of surfactants is heated to

nanocrystal rather than a spherical nanocrystal Will depend
upon the particular ?rst and second surfactants used and the
particular Group III and Group V precursors, and may be
empirically determined for each binary mixture of surfac
tants and particular precursors.

dissolved in any organic liquid compatible With the binary
mixture of surfactants, such as any polar organic solvent
such as a trialkyl phosphine, e.g., tributyl phosphine. The

loW concentrations of hexyl phosphonic acid in the binary
mixture, i.e., less than about 5 Weight % (~11 molar %), With
the balance TOPO, should result in formation of generally

spherical nanocrystals, While higher concentrations of hexyl
phosphinic acid, i.e., greater than about 5 Weight % (~11

rapid if the Walls of the reactor are cooled With a stream of

h. Time of Reaction to GroW Semiconductor

Nanocrystal Rods
45

The time of the reaction to groW the Group III-V semi

conductor nanocrystal rods may vary With the particular
semiconductor precursors, the composition and temperature
of the binary mixture of surfactants constituting the liquid

the high boiling binary mixture of surfactants comprising the
reaction media While the binary mixture is maintained at a
?rst temperature Which results in instantaneous nucleation of

seed crystals. This temperature, for example, When Group

media in Which the crystals are groWing, and the concen

III-V semiconductor nanocrystals are being formed in a

tration of the precursors in the binary mixture of surfactants,

binary mixture of TOPO and hexyl phosphonic acid, may be

as Well as the desired length and aspect ratio of the semi

about 360° C. While initiation of the crystal groWth at this

conductor nanocrystal rods. For example, for the groWth of

higher ?rst temperature is important to the preferential
groWth of nanocrystals of the precursors rather than macro

55

crystals, it is equally important that the continued nucleation
of such seed crystals be arrested in favor of groWth of the
already formed seed crystals. If the continued nucleation is
not stopped, the processes of nucleation and groWth Will
coexist for a certain amount of time, resulting in a ?nal large

semiconductor rods having an average length of 150 nm, and
an aspect ratio of 5, in a binary mixture liquid media
maintained at a temperature of about 300° C., and at a

precursor concentration of 0. 18 M, the desired semicon
ductor nanocrystals may be groWn in a period of from about
300 seconds to about 600 seconds. If spherical semiconduc
60

tor nanocrystal groWth is desired, the time periods may be

distribution of both aspect ratios and siZes for the nanoc

extended to as long as several hours.

rystals.

The folloWing Will serve to further illustrate the practice
of the invention.
To form GaAs semiconductor nanocrystals, a solution of
Ga and As precursors may be prepared by dissolving an

Therefore, the solution of precursors is injected as a cold
solution, e.g., at room temperature, so that immediately after

the injection the temperature of the high boiling binary

65

mixture of surfactants drops to a second temperature of

organic complex of Ga and As poWder into tributyl phos

loWer value Which is kept constant during the nanocrystal

phine. About 2 ml. of this solution (kept at —10° C.) may

US 6,306,736 B1
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then be quickly injected into about 4 grams of a heated bath

sors Will react in said heated binary mixture of surfac
tants to form said Group III-V semiconductor

comprising a binary mixture of (99% pure) tri-octyl phos
phine oxide (TOPO) and 17 molar % hexyl phosphonic acid

nanocrystals;

(HPA) Which had been preheated to a temperature of about
360° C. After the injection, the temperature of the binary
mixture bath drops to approximately 300° C. and is kept at
this temperature for about 5—10 minutes for the fast groWth
of rod-like GaAs semiconductor nanocrystals. After this

e) adding said one or more solutions of Group III and

Group V semiconductor nanocrystal precursors to said
heated binary mixture of surfactants to form said semi

conductor nanocrystals; and
f) subsequently reducing the temperature of said heated
binary mixture of surfactants containing said semicon

time period, the binary mixture bath is rapidly cooled. The
same procedure may be used to form spherical semiconduc

ductor nanocrystals to stop said groWth of said semi

tor nanocrystals by reducing the concentration of the HPA
doWn to, for example, about 4 molar % and increasing the

conductor nanocrystals.

reaction time at 300° C. up to several hours. Similar results

10. The process of claim 9 Wherein said step of forming

may be obtained substituting other particular Group III
metals (Al or In) for Ga and/or substituting other particular

said one or more solutions, each comprising one or more

Group v precursors (P or Sb) for As.
Having thus described the invention What is claimed is:
1. A process for the formation of Group III-V semicon

15

(a) forming a ?rst solution containing at least one Group
III metal selected from the group consisting of Al, Ga,
and In; and
(b) forming a second solution containing at least one
Group V element selected from the group consisting of
P, As, or Sb.
11. The process of claim 9 Wherein said step of forming

ductor nanocrystals comprises introducing the precursors
into a heated binary mixture of ?rst and second different

surfactants capable of promoting the groWth of either spheri
cal semiconductor nanocrystals or rod-like semiconductor

nanocrystals, Whereby the shape of said semiconductor
nanocrystals formed in said binary mixture of surfactants is
capable of being controlled by adjusting the ratio of said ?rst
and second surfactants in said binary mixture.
2. The process of claim 1 Wherein said heated binary
mixture of surfactants comprises tWo different phosphorus

25 said one or more solutions, each comprising one or more

Group III and/or Group V semiconductor nanocrystal pre
cursors dissolved in a liquid Which is a solvent for said one
or more semiconductor precursors further comprises form

containing surfactants.

ing a single solution containing;

3. The process of claim 2 Wherein said binary mixture of
surfactants is maintained at a temperature suf?ciently high to

a) at least one or more Group III metals, or compounds

containing Group III metals, selected from the group
consisting of Al, Ga, and In: and

promote said groWth of said semiconductor nanocrystals.
4. The process of claim 2 Wherein said ratio of said ?rst
and said second surfactants in said heated binary mixture of

surfactants permits groWth of substantially spherical semi
conductor nanocrystals in said binary mixture.

Group III and/or Group V semiconductor nanocrystal pre
cursors dissolved in a liquid Which is a solvent for said one
or more semiconductor precursors further comprises:

(b) at least one or more Group V elements, or compounds
35

containing Group V elements, selected from the group
consisting of P, As, and Sb.
12. The process of claim 9 Wherein at least one of said one
or more solutions comprises

5. The process of claim 2 Wherein said ratio of said ?rst
and said second surfactants in said heated binary mixture of
surfactants permits groWth of rod-like semiconductor nanoc

a) a particular Group III metal; and
b) a particular Group V element.

rystals in said binary mixture.

13. The process of claim 9 Wherein:

6. The process of claim 5 Wherein said phosphorus
containing surfactant in said binary mixture of surfactants
comprises a phosphorus-containing organic acid.
7. The process of claim 6 Wherein said phosphorus
containing organic acid surfactant comprises a phosphonic
acid surfactant having the formula ROP(OH)21, Where R is

a) said heating step is carried out until said binary mixture
of surfactants reaches a temperature at Which said

semiconductor nanocrystals Will nucleate When said
one or more solutions are added to said binary mixture;

b) said nucleation temperature is loWered to a crystal

a 3—18 carbon organic group.

groWth temperature after said step of adding said

8. The process of claim 6 Wherein said phosphorus
containing organic acid surfactant is a phosphinic acid
having the formula R‘RXH(1_X)POOH, Where R and R‘ are the

solution to said heated binary mixture of surfactants;
and

c) said heated binary mixture of surfactants containing

same or different 3—18 carbon organic groups and x is 0—1.

said one or more solutions is maintained at said crystal

9. A process for forming shaped Group III-V semicon

groWth temperature until said step of reducing the
temperature of said mixture containing said solution

ductor nanocrystals in a heated binary mixture of surfactants

Which comprises:

suf?ciently to stop formation of said semiconductor

a) forming one or more solutions, each comprising one or 55
nanocrystals.
more Group III and/or Group V semiconductor nanoc
14. The process of claim 9 Wherein said concentration of
rystal precursors dissolved in a liquid Which is a solvent
said ?rst surfactant in said binary mixture of surfactants is
for said one or more semiconductor precursors;

increased suf?ciently to permit groWth of substantially
spherical semiconductor nanocrystals in said binary mixture

b) forming a binary mixture of high boiling organic
surfactants comprising:
i) a ?rst surfactant; and
ii) a second surfactant;
c) adjusting the ratio of said ?rst and second surfactants
in said binary mixture to control the shape of said
semiconductor nanocrystals to be formed therein;
d) heating said binary mixture of surfactants to a tem
perature at Which said Group III and Group V precur

of surfactants.
15. The process of claim 9 Wherein said concentration of
said second surfactant in said binary mixture of surfactants

is increased suf?ciently to permit groWth of rod-like semi
conductor nanocrystals in said binary mixture of surfactants.
65

16. The process of claim 9 Wherein said heated binary
mixture of surfactants comprises tWo different phosphorus

containing surfactants.

US 6,306,736 B1
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b) said nucleation temperature is loWered to a crystal

17. The process of claim 16 wherein said second

phosphorus-containing surfactant in said binary mixture of
surfactants in said binary mixture comprises a phosphorus

groWth temperature during or after said step of adding
said solution to said heated binary mixture of surfac
tants; and

containing organic acid.
18. The process of claim 17 Wherein said phosphorus

c) said heated binary mixture of surfactants containing

containing organic acid second surfactant comprises a phos
phonic acid surfactant having the formula ROP(OH)2, Where

said one or more solutions is maintained at said crystal

groWth temperature until said step of reducing the
temperature of said mixture containing said solution

R is a 3—18 carbon organic group.

19. The process of claim 17 Wherein said phosphorus
containing organic acid second surfactant is a phosphinic
acid having the formula R‘RXH(1_X)POOH, Where R and R‘

suf?ciently to stop formation of said semiconductor
10

are the same or different 3—18 carbon organic groups and X

is 0—1.

20. A process for forming shaped Group III-V semicon
ductor nanocrystals in a heated binary mixture of surfactants

15

Which comprises:
a) forming a solution comprising:

ii) a second semiconductor precursor comprising one or

more particular Group V elements, or compounds
containing one or more particular Group V elements;
25

b) forming a binary mixture of high boiling phosphorus
containing organic surfactants comprising:

a solvent for said ?rst and second precursors comprises a

25. The process of claim 23 Wherein said solvent com

prises a trialkyl phosphine.

cient amount of said surfactant is present in said

binary mixture of surfactants; and
ii) a second surfactant comprises a phosphorus

26. The process of claim 20 Wherein said ?rst surfactant

in said binary mixture of surfactants is selected from the
group consisting of a 3—18 carbon tri-alkyl phosphine and a
35

containing organic acid second surfactant in said binary
mixture comprises phosphonic acid having the formula

present in said binary mixture of surfactants;
c) adjusting the ratio of said ?rst and second surfactants
in said binary mixture to control the shape of said
semiconductor nanocrystals to be formed therein;

ROP(OH)2, Where R is a 3—18 carbon organic group.
28. The process of claim 20 Wherein said phosphonic acid

second surfactant comprises hexyl-phosphonic acid.

d) heating said binary mixture of phosphorus-containing
organic surfactants to a temperature suf?cient to permit

formation of Group III-V semiconductor nanocrystals
45

e) adding said solution of Group III and Group V semi
conductor nanocrystal precursors to said heated binary

are the same or different 3—18 carbon organic groups and x

30. A Group III-V semiconductor nanocrystal having a
rod-like shape formed by reacting together a precursor

nanocrystals; and
f) subsequently reducing the temperature of said heated
binary mixture of surfactants containing said semicon

containing one or more Group III metals selected from the

group consisting of Al, Ga, and In With a precursor contain
ing one or more Group V elements selected from the group

ductor nanocrystals to stop said groWth of said semi

conductor nanocrystals.
21. The process of claim 20 Wherein:
of surfactants reaches a temperature at Which said

29. The process of claim 20 Wherein said phosphorus
containing organic acid second surfactant is a phosphinic
acid having the formula R‘RXH(1_X)POOH, Where R and R‘
is 0—1.

mixture of surfactants to form said semiconductor

a) said heating step is carried out until said binary mixture

3—18 carbon tri-alkyl phosphine oxide.
27. The process of claim 20 Wherein said phosphorus

rystals When a suf?cient amount of said surfactant is

therein;

suf?ciently loWer than the temperature of said binary sur
factant mixture to thereby cool said binary mixture of
surfactants doWn to said crystal groWth temperature as said
solution of Group III and Group V semiconductor nanoc
rystal precursors is added to said heated binary mixture.
23. The process of claim 20 Wherein said Group III metal
is selected from the group consisting of: Al, Ga, and In; and
said Group V element is selected from the group consisting
of P, As, and Sb.
24. The process of claim 20 Wherein said liquid Which is

polar organic solvent.

i) a ?rst surfactant capable of promoting the groWth of
spherical semiconductor nanocrystals When a suf?

containing organic acid surfactant capable of pro

heated binary mixture of surfactants by adding to said binary
V semiconductor nanocrystal precursors at a temperature

more particular Group III metals, or compounds
containing one or more particular Group III metals;

moting the groWth of rod-like semiconductor nanoc

temperature is loWered to a crystal groWth temperature
during said step of adding said solution of Group III and
Group V semiconductor nanocrystal precursors to said
mixture of surfactants said solution of Group III and Group

i) a ?rst semiconductor precursor comprising one or

and
iii) a liquid Which is a solvent for said ?rst and second
precursors;

nanocrystals.
22. The process of claim 21 Wherein said nucleation

55

consisting of P, As, and Sb in a binary mixture of surfactants
including a phosphorus-containing organic acid surfactant
capable of promoting groWth of rod-like semiconductor
nanocrystals When a suf?cient amount of said surfactant is

present in said binary mixture of surfactants.

semiconductor nanocrystals Will nucleate When said
one or more solutions are added to said binary mixture;

*
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